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ABSTRACT
B a lla rd ,  James H ., M.S., W inter, 1980 Geology
Seismic and G rav ity  In ve s t ig a t io n  o f  the Crust and Upper Mantle 
in  Southwestern Montana
D ire c to r :  Dr. Anthony Qamar /-
Seismic re f ra c t io n  data and thé g ra v ity  f i e l d  reveal d is t in c ­
t iv e  aspects o f  the c rus t and upper mantle in  southwestern Mon­
tana. A new reversed re f ra c t io n  p r o f i le  between Helena and 
Yellowstone National Park is  modeled by two layers over a h a l f -  
space. The depth o f  the in te r fa ce s  are 21.7 k ilom eters and 40.5 
k ilometers under Helena, and 18.9 k ilom eters and 38.2 k ilom eters 
under Yellowstone National Park. The P-wave v e lo c i t ie s  are 
5,89 kilometers/second in  the upper c ru s t ,  6.55 k ilom e te rs / 
second in  the lower c ru s t ,  and 8.08 kilometers/second in  the 
upper mantle. This model represents a th in n e r  c ru s t and lower 
P-wave v e lo c i t ie s  in the lower c rus t and upper mantle than the 
on ly previous reversed re f ra c t io n  p r o f i le  in  southwestern Montana 
(McCamy and Meyer, 1964). The d if fe re n ce  in  c rus ta l th ickness 
between the two reversed re f ra c t io n  p ro f i le s  ind ica tes  a d ip on 
the Mohorovicic d is c o n t in u i ty  o f  7.8*^ in  the d i re c t io n  south 64° 
west. Bouguer g ra v ity  anomalies in  southwestern Montana decrease 
to the southwest and are lower than values in  northwestern 
Montana. The planar trend o f  Bouguer g ra v ity  anomalies in  
southwestern Montana re f le c ts  the increase in c rus ta l th ickness 
and g ra v ity  decreases to  the south in  the area o f  the Montana 
Lineament and north o f  Yellowstone National Park.
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Southwestern Montana is  a g e o lo g ic a l ly  d iverse region in  the 
western C o rd i l le ra  o f  North America. I t  is  bounded on the west by 
the Idaho b a th o l i th ,  a la rge g ra n o d io r i te -g ra n ite  p lu ton o f  Creta­
ceous and e a r ly  T e r t ia ry  age, and on the south by the Snake River 
P la in  and Yellowstone National Park, a la te  T e r t ia ry  to  Recent swath 
o f  f lood  basalts  te rm ina ting  a t  the P le istocene vo lcan ics o f  the 
Yellowstone area. The northern border o f  southwestern Montana is  an 
abrupt break in the no rthw este r ly  s t ru c tu ra l  gra in th a t  dominates 
northwestern Montana known as the Montana Lineament. South o f  the 
Montana Lineament, the no rthw este r ly  s t ru c tu ra l  gra in  is  perturbed by 
Cretaceous to  e a r ly  T e r t ia ry  plutons and east-west t rend ing  fa u l ts .
The eal;tern side o f  southwestern Montana is  an i r r e g u la r  physiographic 
t r a n s i t io n  to the p la ins  o f  eastern Montana. The i r r e g u la r  nature o f  
the t r a n s i t io n ,  in c lu d in g  a gradual d im in ish ing  o f  the mountainous 
te r r a in ,  is  qu ite  d i f fe r e n t  from the abrupt Front Ranges o f  no rth ­
western Montana. The eastern p a r t  o f  southwestern Montana is  also 
s e ism ica lly  ac t ive  and the earthquake a c t i v i t y  dim inishes north o f  the 
Montana Lineament. The d is t in c t iv e  geologic c h a ra c te r is t ic s  o f  south­
western Montana suggest th a t  the c ru s t  and upper mantle may be 
d i f f e r e n t  than adjacent areas.
The nature o f  the c ru s t and upper mantle in  southwestern Montana 
has been stud ied c h ie f ly  by seismic re f ra c t io n  surveys. Another geo­
physical method useful in determining the nature o f  the c ru s t  and 
upper mantle is  analys is o f  the g ra v ity  f i e l d .  One problem th a t  is  
apparent when comparing the seismic re f ra c t io n  and g ra v ity  data is  
th a t ,  though Bouguer g ra v ity  anomalies are more negative in mountain­
ous western Montana than in eastern Montana, seismic re f ra c t io n  data 
has not es tab lished th a t  the c rus t is  th ic k e r  in western Montana as 
expected from the theory o f  isostasy. An accurate model o f  the c rus t 
and upper mantle is  essen tia l fo r  reso lv ing  th is  problem and would 
also te s t  o ther te c to n ic  hypotheses concerning southwestern Montana.
A model which accu ra te ly  p red ic ts  la ye r thicknesses and seismic ve lo ­
c i t ie s  is  also necessary to loca te  earthquakes in southwestern Montana, 
The primary purpose o f  th is  study is  to  in te rp re t  a va ila b le  seismic 
re f ra c t io n  data from new p ro f i le s  w ith in  southwestern Montana and 
reconc ile  the g ra v ity  data w ith  these and previous re f ra c t io n  in te rp re ­
ta t io n s .  New seismic re f ra c t io n  data are presented from recordings 
o f  earthquakes and b las ts  on temporary arrays o f  seismometers 
operated in Montana. The c ru s ta l model derived from the seismic data 
is  compared to those expected from smoothed Bouguer g ra v ity  anomaly 
maps f i t  to  the g ra v ity  data from southwestern Montana.
CHAPTER I I
SEISMIC REFRACTION DATA
Previous Work and This Study
Several seismic re f ra c t io n  s tud ies have determined c rus ta l s t ru c ­
tu re  and upper mantle v e lo c i t ie s  in western Montana. These were both 
la rge scale regional surveys w ith  wide s ta t io n  spacing and more de­
ta i le d  p ro f i le s  w ith in  the s ta te . Two la rge regional surveys were 
P ro jec t Early Rise and the Great Plains/Rocky Mountain p r o f i le s .
P ro jec t Early  Rise was on a very la rge scale w ith  shots in  Lake Superior 
and record ing s ta t io n s  in  l in e s  across the northern United States to 
Washington s ta te ,  as well as to Alaska, Texas, and Newfoundland, among 
others (Green and Hales, 1968). The Great Plains/Rocky Mountain pro­
f i l e s  consisted o f  shots in B r i t i s h  Columbia and record ing s ta t io n s  in  
l ine s  through westernmost Montana to Texas and cen tra l Montana to 
Kansas (Hales and Nation, 1973). These re f ra c t io n  p ro f i le s  employed 
wide s ta t io n  spacing th a t  la rg e ly  averaged out d iffe rences  in  the 
c ru s t  and upper mantle between western Montana and o ther areas along 
the l in e s .  However, the Great Plains/Rocky Mountain p ro f i le s  remained 
w ith in  t h e i r  respective  physiographic provinces. The Rocky Mountain 
p r o f i le  records in d ica te  a to ta l  c ru s ta l th ickness o f  37.6 k ilom eters 
w ith  an in te rm ed ia te  d is c o n t in u i ty  in  seismic v e lo c i ty  a t  23.2 k i l o ­
meters depth. The P-wave v e lo c i t ie s  determined were 6.0 k i lo m e te rs /  
second in  the upper c ru s t ,  6.41 kilometers/second in  the lower c ru s t ,  
and 8.04 kilometers/second in  the upper mantle.
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In a d d it io n  to these regional surveys, r e f ra c t io n  p r o f i le s  u t i l i z ­
ing c lose r s ta t io n  spacing are a va ila b le  from w i th in  Montana. The 
U n iv e rs ity  o f  Wisconsin, Princeton U n iv e rs ity ,  and the Carnegie 
I n s t i t u t io n  shot f iv e  reversed and several unreversed l in e s  in  Montana 
and North Dakota during 1959 and 1960. One reversed p r o f i le  was en­
t i r e l y  w i th in  western Montana w ith  shot po in ts  near Kali spe ll and 
Butte (Meyer e t  a l . ,  1961). Lines o f  s ta t io n s  were se t out toward the 
east from the same shot po in ts  fo r  approximately 350 k ilom ete rs . The 
p r o f i le  shot east from near K a l is p e l l  was la te r  reversed (Asada and 
A ld r ic h ,  1966). U n fo rtuna te ly , the p r o f i le  shot east from near Butte 
was not reversed. Figure 1 i l l u s t r a t e s  these three p ro f i le s  in  western 
Montana.
The three western Montana p r o f i le s  (F ig. 1) show a to ta l  c rus ta l 
th ickness greater than 40 k ilom eters . The averaged v e lo c i t ie s  o f  P- 
waves in  the lower c ru s t  and upper mantle are 0.2 and 0.8 k ilo m e te rs / 
second, re s p e c t iv e ly ,  h igher than the Rocky Mountain reg ional p r o f i le  
o f  Hales and Nation (1973). The grea tes t d is p a r i t y  between the pro­
f i l e s  is  the in te rp re ta t io n  o f  in te rm edia te  c rus ta l la ye rs ; This i s ,  
in  general, a problem w ith  c rus ta l re f ra c t io n  p r o f i le s ,  and i t  is  
necessary to remember the assumptions o f  standard re f ra c t io n  in t e r ­
p re ta t io n .  The presence o f  lo w -v e lo c i ty  zones would not be detected, 
and sub tle  v e lo c i ty  gradients would usua lly  be in te rp re te d  as one o r 
more layers  o f  constant v e lo c i ty .  Other seismic in te rp re ta t io n  methods 




Figure 1. Map o f western Montana with crustal models from re frac t ion  p ro f i le s  a f te r  McCamy 
and Meyer (1964). Models are labeled with P-wave ve loc it ies  in kilometers/second 
P ro files  were done by the University o f Wisconsin and Princeton Univers ity  (UW) 
and the Carnegie In s t i tu t io n  (C l).
in  Montana is  necessary (e .g . Mueller and Landisman, 1971). An in t e r ­
es t in g  fea tu re  o f  the C I North p r o f i le  o f  Asada and A ld r ic h  (1966) 
shown in  Figure 1 is  the east d ip o f  the base o f  the c ru s t  (Mohorovicic 
d is c o n t in u i ty ) .  The th ic k e r  c ru s t in  eastern Montana than in  western 
Montana v/as es tab lished by th is  and f iv e  o ther p ro f i le s  in  eastern 
Montana and North Dakota (see com pila tion in  McCamy and Meyer, 1964).
The C I South p r o f i le  in  Figure 1 is  unreversed and the re fo re  
constrained to a ho r izon ta l model. I t  is  not known from th is  p r o f i le  
i f  an eastward increase in  c rus ta l thickness occurs in  southwestern 
Montana. I f  a dip e x is ts  in  an unreversed p r o f i le ,  the v e lo c i t ie s  
determined w i l l  d i f f e r  from the true  v e lo c i t ie s .  An eastward d ip 
would create apparent v e lo c i t ie s  less than the true  v e lo c i ty  on the 
C I South p r o f i le .  I f  the eastward dip e x is ts  on the in te r fa ce s  in 
the C I South p r o f i le ,  i t  would b r ing  the v e lo c i t ie s  o f  the lower c ru s t 
and upper mantle in to  b e t te r  agreement w ith  the o ther two p r o f i le s  in  
western Montana. However, s tud ies o f  P-wave tra ve l times from ea rth ­
quakes and nuclear explosions imply th a t  the v e lo c i ty  in  the upper 
mantle is  a c tu a l ly  lower in  southwestern Montana than in  o ther parts  o f  
the s ta te  (H e rr in ,  1969). Reversed seismic re f ra c t io n  p ro f i le s  in  
southwestern Montana would, perhaps, resolve th is  problem.
New re f ra c t io n  p ro f i le s  were made from seismic events and arrays 
o f  record ing s ta t io n s  in  southwestern Montana and v i c i n i t y .  The area 
is  the northern p a rt  o f  the Intermountain Seismic B e lt  and has a f a i r l y  
high leve l o f  se is m ic ity  (Smith and Sbar, 1974). The d is t r ib u t io n  o f
seismograph s ta t io n s  is  l im ite d .  Figure 2 shows the lo ca t io n s  o f  
seismograph s ta t io n s  and events used in  th is  study. P ro f i le s  were 
constructed by se le c t in g  data from s ta t io n s  whose p o s it io ns  f a l l  
approximately on a l in e  away from the source. Sources were e a r th ­
quakes located using records from the arrays i l lu s t r a te d  and b las ts  
near Butte (magnitude 2). I t  was possib le  to obta in  good q u a l i t y  
loca tions  fo r  earthquakes north o f  the Yellowstone array on ly during 
operation o f  the Helena array.
Helena-Yellowstone Reversed P ro f i le
Events in Table 1 were selected fo r  re f ra c t io n  p ro f i le s  between 
the Helena and Yellowstone arrays such th a t  a good d is t r ib u t io n  o f  
source to s ta t io n  distances would r e s u l t .  Earthquakes located between 
the two arrays were used so th a t  distances less than 200 k ilom eters 
would be sampled. Good lo ca t io ns  fo r  in te rm edia te  s ize  earthquakes 
in the v i c i n i t y  o f  the Cl arkston Valley and the town o f  Three Forks 
were ava ila b le  during the time the Helena a rray  was in operation 
(Qamar and Hawley, 1979). Earthquakes w i th in  the Yellowstone array 
were located w ith  the Yellowstone array data by the O ff ice  o f  Earth­
quake Studies, United States Geological Survey (A. M. P i t t ,  personal 
communication). Earthquakes w i th in  the Helena array were located w ith  
the Helena array data by the U n ive rs ity  o f  Montana (S tickney, 1978).
The coordinates and e leva tions  o f  seismograph s ta t io n s  in  the two 
arrays are shown in Table 2. Table 2 does not l i s t  a l l  the seismograph 
s ta t io n s  used to  loca te  the earthquakes in  Table 1 by the above 
authors. Figure 3 i l l u s t r a t e s  the earthquake ep icenters (Table 1)
Figure 2. Map o f southwestern Montana with seismograph stations 
and seismic events used in th is  study. Open c irc le s  
are seismic events (size is proportional to magnitudes 
2, 3, and 4). Solid symbols are seismograph s ta t io ns : 
c irc les  are the Helena array (operational from August 
1974 to October 1976) to the north and the Yellowstone 
array (cu rren t ly  in operation) to the south, squares 
are U.S.G.S. portable seismographs (operating from July 
to October 1974), and the t r ia n g le  is  W.W.S.S.N. s ta t ion  





















1 October 30, 1974 091447.5 44.780° 110.690° 1.0 3.6 (MSO)
2 July 5, 1975 200830.0 44.650° 110.670° 4.0 3.8 (MSO)
3 July 13, 1975 100106.7 44.665° 110.667° 6.0 4.4(USGS)
Clarkston Valley /  Three 
4 May 3, 1975
Forks
032305.96 46.009° 111.452° 4.5 3.1 (MSO)
5 May 3, 1975 032701.36 46.0248° 111.4087° 1.9 3.0 (MSO)
6 April 5, 1976 024004.79 46.0995° 111.4482° 0.1 3.6 (MSO)
Helena 
7 July 18, 1975 150622.9 46.680° 112.110° 3.6 3.7 (MSO)
8 February 13, 1976 061343.1 46.700° 112.080° 3.0 3.7 (MSO)
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Seismograph s ta t io ns  
re f ra c t io n  p r o f i le s .
Table 2
o f  the Helena and Yellowstone arrays used fo r





LHM 46.6756° 111.9434° 1117
YCM 46.5256° 112.3942° 1597
HLM 46.8894° 112.9331° 1366
WHM 46.7621° 113.1812° 1792
CKM 47.0666° 112.9099° 1353
GBM 46.8593° 112.4559° 2237
LFM 46.8898° 113.4527° 1256
Yellowstone array 
YPBB 45.0288. 111.1168° 2085


















YPMF 44.1432° 111.2882° 1786
YPTC 44.2965° 110.2320° 2360
YPMJ 44.6484° 110.8587° 2111











O  O  Earthquake epicenters 
(magnitudes 3 and 4)




Figure 3. Map o f southwestern Montana with earthquake epicenters and seismograph stations 
used fo r  the re frac tion  p ro f i le  across the Helena array.
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and seismograph s ta t io n  lo ca t io ns  (Table 2) used in  the re f ra c t io n  pro­
f i l e  across the Helena a rray . The reverse p r o f i le  was across the 
Yellowstone a rray . Figure 4 shows the earthquake ep icenters (Table 1) 
and the seismograph s ta t io n  lo ca t ions  (Table 2) used in  the re f ra c t io n  
p r o f i le  across the Yellowstone array.
Determinations o f  the t ra v e l times fo r  the d i re c t  compressional 
wave, Pg, from both the forward and reverse re f ra c t io n  p ro f i le s  were 
combined in  order to compute the average v e lo c i ty .  The d i re c t  shear 
wave, Sg, was trea ted  s im i la r ly .  Figure 5 is  a p lo t  o f  the d i re c t  
wave tra ve l times versus d istance and the l in e s  f i t  by le a s t  squares 
to the data. The Pg and Sg v e lo c i t ie s  are 5.98 k ilometers/second and 
3.62 k ilometers/second, re sp e c t ive ly .  The c o r re la t io n  c o e f f ic ie n t  o f  
the Pg data is  0.997 and the standard dev ia tion  o f  the t ra v e l times 
from the l in e s  is  0.774 seconds. The c o r re la t io n  c o e f f ic ie n t  o f  the 
Sg data is  0.996 and the standard dev ia tion  o f  the t ra ve l times from 
the l in e  is  0.992 seconds. Tables 3 and 4 l i s t  a l l  the d i re c t  wave 
data, the equations o f  the f i t t e d  l in e s ,  and the time res idua l (ob­
se rve d - th e o re t ica l)  o f  each observation w ith  the number o f  standard 
dev ia tions  i t  represents.
Two re frac te d  P-wave phases were ev ident in  the forward and re ­
verse p ro f i le s .  The tra ve l times o f  re fra c te d  phases, or head waves, 
from the p r o f i le  across the Helena array (F ig . 3) are p lo t te d  versus 
distance in  Figure 6. The f i t t i n g  o f  l in e s  by le a s t  squares y ie lded  
an apparent v e lo c i ty  o f  6.51 kilometers/second fo r  the f i r s t  head wave, 
and an apparent v e lo c i ty  o f  8.01 kilometers/second fo r  the second head
LEGEND
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Figure 4. Map o f  southwestern Montana with earthquake epicenters and seismograph stations 











Figure 5. Plot o f the d ire c t  wave trave l times versus distance fo r  the re frac t ion  




Pg t ra v e l time data from re f ra c t io n  p ro f i le s  across the Helena 
and Yellowstone arrays.
Constants o f  Y=A+BX are: A=0.967 8=0.167
1/8=5.98 (km/sec)
Standard de v ia tion  o f  regression is  0.774 (sec)











YPTB 8 260.22 44.50 0.02 -0.03
YPMJ 8 247.12 42.50 0.21 -0 .28
YPMF 8 290.95 49.90 0.29 -0.37
YPNJ 8 244.12 41.80 0.02 -0.02
Y PIS 8 255.25 44.20 0.55 -0.72
YPML 8 258.75 44.50 0.27 -0.35
YPGC 8 224.79 38.80 0.25 -0.32
YPHR 8 213.83 37.30 0.58 -0.75
YPDC 8 230.77 40.10 0.55 -0.71
YPWY 8 245.10 42.80 0.85 -1.10
YPMC 8 231.46 39.90 0.23 -0.30
YPBB 8 200.27 34.60 0.15 -0.19
YPSG 8 248.95 42.30 -0.29 0.38
YPMJ 7 246.10 41.25 -0.87 1.12
YPOF 7 266.79 45.60 0.03 -0.03
YPNJ 7 243.30 41.80 0.15 -0.20
Y PIS 7 253.62 43.00 -0.37 0.48
YPGC 7 223.60 37.90 -0.45 0.59
YPHR 7 212.44 36.90 0.41 -0.53
YPDC 7 229.40 39.00 -0.32 0.42
YPMC 7 230.26 38.80 -0.67 0.86
YPWY 7 243.82 41.00 -0.73 0.95
YPBB 7 199.20 33.40 -0.87 1.13
YPPC 7 270.89 47.30 1.04 -1.34
YPML 7 257.90 43.60 -0.49 0.63
YPBB 6 121.80 21.41 0.08 -0.10
YPHR 6 139.00 24.21 0.00 0.00
YPGC 6 147.30 26.36 0.76 -0.99
YPMC 6 152.90 27.21 0.68 -0.87
YPDC 6 155.43 27.56 0.60 -0.78
YPSG 6 166.90 29.66 0.79 -1.02
YPMC 6 167.70 29.98 0.97 -1.26
YPCJ 6 168.00 30.76 1.70 -2.20
YPML 6 178.10 32.11 1.36 -1.76
YPPC 6 189.00 35.11 2.54 -3 .28
YPLK 6 189.40 35.00 2.36 -3.05
YPRL 6 197.30 36.18 2.22 -2.87
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Table 3 Con't .
S ta t ion Event Distance Travel Time Time Residual Standard
No. km sec sec Deviations
YPMF 6 217.90 37.76 0.36 -0.46
' YPTC 6 222.11 38.11 0.01 -0.01
YPBB 5 113.00 19.04 -0.82 1.06
YPHR 5 130.50 23.55 0.65 -0.84
YPDC 5 146.80 25.14 -0.37 0.48
YPSG 5 158.90 27.36 -0.18 0.23
YPMJ 5 158.90 27.38 -0.16 0.20
YPBB 4 112.12 18.84 -0.87 1.13
YPHR 4 129.07 22.34 -0.21 0.27
YPMC 4 143.30 24.04 -0.89 1.15
YPDC 4 145.47 25.21 -0.08 0.10
YPMJ 4 158.31 26.84 -0.60 0.77
YPSG 4 160.09 26.94 -0.79 1.03
YPML 4 168.86 29.39 0.19 -0.24
IBM 6 55.80 9.96 -0.34 0.44
LHM 6 74.50 13.57 0.15 -0.19
YCM 6 86.90 15.50 0.00 0.00
GBM 6 114.50 19.75 -0.36 0.47
IBM 4 64.24 10.81 -0.90 1.16
LHM 4 83.25 14.47 -0.42 0.54
HLÎ1 4 150.19 26.04 -0.04 0.05
WHM 4 157.27 26.68 -0.58 0.75
CKM 4 162.37 27.44 - 0.68 0.87
LFM 4 181.20 30.91 -0.35 0.46
LBM 5 64.40 10.90 -0.83 1.08
LHM 5 83.20 14.41 -0.47 0.60
HLM 5 151.40 26.19 -0.09 0.12
CKM 5 161.60 27.67 -0.32 0.41
LFM 5 184.00 30.91 -0.82 1.06
LBM 3 225.63 38.10 -0.59 0.77
LHM 3 244.75 42.50 0.61 -0.79
HLM 3 303.79 51.70 -0.06 0.08
WHM 3 304.55 51.00 -0.89 1.15
CKM 3 318.90 53.50 -0.79 1.02
LBM 2 226.37 38.00 -0.82 1.05
YCM 2 247.68 42.60 0.22 -0.28
WHM 2 305.21 50.90 -1.10 1.42
CKM 2 319.61 53.10 -1.31 1.69
LHM
YCM
1 232.31 40.60 0.79 -1.02
1 235.26 40.40 0.10 -0.13
GBM
HLM
1 268.93 45.70 -0.23 0.30
1 292.28 49.10 -0.74 0.95
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Table 4
Sg t rave l  t ime data from re f ra c t io n  p r o f i l e s  across the Helena 
and Yellowstone arrays.
Constants o f  Y=A+BX are: A=3.098 8=0.275
1/8=3.62 (kni/sec)
Standard dev ia t ion  o f  regression is  0.992 (sec)











LFM 4 181.20 52.79 -0.31 0.31
LFM 5 184.00 53.94 0.07 -0.07
YCM 3 246.97 70.50 -0.74 0.75
WHM 3 304.55 89.60 2.47 -2.49
YPBB 6 121.80 36.01 -0.70 0.70
YPHR 6 139.00 42.21 0.76 -0.76
YPGC 6 147.30 44.01 0.27 -0.27
YPDC 6 155.43 46.61 0.62 -0.63
YPSG 6 166.90 49.51 0.36 - 0.36
YPMJ 6 167.70 49.66 0.29 -0.29
YPJC 6 168.00 50.41 0.96 -0.96
YPML 6 178.10 54.21 1.97 -1.98
YPRL 6 197.30 58.77 1.23 -1.24
YPTB 8 260.22 75.00 0.10 -0.10
YPMJ 8 247.12 71.30 0.01 -0.01
YPNJ 8 244.12 70.70 0.24 -0.24
YPTS 8 255.25 74.70 1.17 -1 .18
YPML 8 258.75 74.80 0.31 -0.31
YPGC 3 224.79 65.60 0.48 -0.48
YPHR 8 213.83 61.50 -0.60 0.60
YPDC 8 230.77 66.20 -0.57 0.58
YPWY 8 245.10 71.50 0.77 -0.78
YPMC 8 231.46 65.95 -1.01 1.02
YPBB 8 200.27 57.60 -0.76 0.76
YPSG 8 248.95 71.00 -0.79 0.80
YPNJ 7 243.31 69.50 -0.73 0.74
YPTS 7 253.62 73.50 0.42 -0.42
YPGC 7 223.60 64.30 . -0.50 0.50
YPHR 7 212.44 60.40 -1.32 1.33
YPDC 7 229.40 65.15 -1.24 1.25
YPWY 7 243.82 68.70 -1.67 1.69





















Figure 6. Plot o f  the travel times o f  refracted phases versus distance fo r  the refract ion 
p ro f i le  across the Helena array.
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wave, Pn. The c o r re la t io n  c o e f f i c ie n t  o f  the f i r s t  head wave data is  
0.997 and the standard dev ia t ion o f  the t ra ve l  t imes from the l i n e  is  
0.638 seconds. The c o r re la t io n  c o e f f i c ie n t  o f  the Pn data is  0.993, 
and the standard dev ia t ion o f  the t rave l  times from the l i n e  is  0.546 
seconds. The t rave l  times o f  the two head waves are l i s t e d  in Table 5 
w i th  s t a t i s t i c a l  in fo rmat ion .  Figure 7 is  a p lo t  o f  the t rave l  times 
versus distance fo r  the two head waves from the reverse p r o f i l e  across 
the Yellowstone array. The apparent v e lo c i t y  ca lcu la ted  by le a s t  
squares is  6.58 kilometers/second f o r  the f i r s t  head wave, and 8.16 
kilometers/second f o r  Pn. The c o r re la t io n  c o e f f i c ie n t  o f  the f i r s t  
head wave is  0.997 and the standard dev ia t ion  o f  the t rave l  times from 
the l i n e  is  0.509 seconds. The co r re la t io n  c o e f f i c ie n t  o f  the Pn data 
is  0.968 and the standard dev ia t ion  o f  the t rave l  times from the l i n e  
is  0.785 seconds. Table 6 l i s t s  the t rave l  times and s t a t i s t i c a l  
in formation f o r  the p r o f i l e  across the Yellowstone array.
The forward and reverse p r o f i l e s  y ie lded  d i f f e r e n t  values f o r  the 
v e lo c i t i e s  o f  the head waves. D i f f e r in g  forward and reverse v e lo c i t ie s  
ind ica te  tha t  an in c l i n a t i o n ,  or  d ip ,  is  present on the boundaries o f  
the layered model o f  the c rus t  o f  the ear th .  The so lu t ion  f o r  the t rue  
v e lo c i t ie s  and geometry o f  the d ipp ing boundaries was done fo l lo w in g  
Mota (1954). The f i r s t  head wave, presumably from an in termedia te 
c rus ta l  d i s c o n t in u i t y ,  appeared to have a v e lo c i t y  o f  6.51 k i lom e te rs /  
second across the Helen a r ray ,  and 6.58 kilometers/second in  the reverse 
d i re c t io n  across Yellowstone. The apparent d ip on the in termediate
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Table 5
Travel t ime data f o r  re f rac ted  P-waves from the re f r a c t io n
p r o f i l e  across the Helena a
F i r s t  a r r i v in g  phase
Constants o f  Y=A+BX are: 
1/B=6.51 (km/sec)
Standard dev ia t ion  o f  regre 
Corre la t ion  c o e f f i c ie n t  is
r r a y .
A=2.186












WHM 6 152.30 26.34 0.78 -1.22
CKM 6 153.40 26.59 0.86 -1.35
HLM 4 150.19 25.46 0.22 -0.35
WHM 4 157.27 26.04 -0.28 0.44
CKM 4 162.37 26.44 -0.67 1.04
LFM 4 181.20 29.24 -0.76 1.18
HLM 5 151.40 25.73 0.31 -0.48
WHM 5 159.00 26.72 0.13 -0.21
CKM 5 161.60 26.79 -0.20 0.31
LFM 5 184.00 29.34 -1.09 1.70
LBM 3 225.63 36.00 -0.81 1.27
LHM 3 244.75 40.30 0.55 -0.86
YCM 3 246.97 40.50 0.41 -0.64
WHM 3 304.55 48.60 -0.33 0.51
YCM 2 247.68 41.00 0.80 -1.26
HLM 1 292.28 47.10 0.06 -0.09
Second a r r i v in g  phase
Constants o f  Y=A+BX are: A=7.330 8=0.124 
1/8=8.00 (km/sec)
Standard dev ia t ion  o f  regression is  0.546 (sec) 
Corre la t ion  c o e f f i c ie n t  is  0.993
LBM 3 225.63 34.80 -0.71 1.30
LHM 3 244.75 37.90 0.00 -0.01
YCM 3 246.97 38.30 0.13 -0.23
HLM 3 303.79 45.40 0.13 -0.24
WHM 3 304.55 45.20 -0.17 0.30
CKM 3 318.90 46.70 -0.46 0.84
LBM 2 226.37 34.50 -1.10 2.02
YCM 2 247.68 38.40 0.14 -0.25
WHM 2 305.21 45.20 -0.25 0.45
CKM 2 319.61 47.00 -0.25 0.45
LBM 1 213.21 34.10 0.14 -0.26
LHM 1 232.31 37.10 0.76 -1.38
YCM 1 235.26 37.10 0.39 -0.71
HLM 1 292.28 44.80 0.97 -1.77































Figure 7. Plot o f  the travel times o f  refracted phases versus distance fo r  the re frac t ion  
p ro f i le  across the Yellowstone array.
Table 6
Travel t ime f o r  re f rac ted  P-waves from the re f ra c t io n  
p r o f i l e  across the Yellowstone array.
F i r s t  a r r i v in g  phase
Constants o f  Y=A+BX are: A=2.960 B=0.151
1/B=6.58 (km/sec)
Standard dev ia t ion  o f  regression is  0.509 (sec) 











YPGC 6 147.30 25.71 0.38 -0.75
YPMC 6 152.90 26.36 0.18 -0.36
YPDC 6 155.43 26.71 0.15 -0.29
YPSG 6 166.90 28.71 0.41 -0.79
YPMJ 6 167.70 29.01 0.58 -1.15
YPCJ 6 168.00 29.71 1.24 -2.43
YPMF 6 217.90 36.06 0.01 -0.02
YPDC 5 146.80 24.64 -0.61 1.20
YPSG 5 158.90 26.64 -0.45 0.88
YPMJ 5 158.90 26.64 -0.45 0.88
YPDC 4 145.47 24.49 -0.56 1.10
YPML 4 168.86 28.31 -0.29 0.57
YPMF 8 290.95 47.30 0.16 -0.31
YPWY 8 245.10 40.60 0.42 -0.82
YPBB 8 200.27 33.80 0.43 -0.84
YPSG 8 248.95 41.00 0.24 -0.46
YPTS 7 253.62 41.30 -0.17 0.34
YPHR 7 212.44 '35.30 0.08 -0.16
YPDC 7 229.40 37.10 -0.70 1.36
YPMC 7 230.26 37.30 -0.63 1.23
YPBB 7 199.20 32.80 -0.41 0.80
Second a r r i v in g  phase
Constants o f  Y=A+BX are: A=8.558 B=0 
1/8=8.15 (km/sec)
Standard dev ia t ion o f  regression is  0 
Corre la t ion  c o e f f i c ie n t  is  0.968




YPSG 8 248.95 39.60 0.51 -0.65
YPMJ 7 246.10 38.80 0.06 -0.08
YPTS 7 253.62 40.00 0.34 -0.43
YPGC 7 223.60 35.80 -0.18 0.23
YPDC 7 229.40 36.00 -0.69 0.88
YPMC 7 230.26 36.20 -0.60 0.76
YPBB 7 199.20 32.20 -0.79 1.00
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crus ta l  d i s c o n t in u i t y  is  northwest, toward Helena. The value o f  the 
d ip is  0.67®, w i th  the depth o f  the in termediate c rus ta l  d i s c o n t in u i t y  
s l i g h t l y  greater near Helena than in Yellowstone. The t rue  P-wave 
v e lo c i t y  o f  the laye r  beneath the d is c o n t in u i t y  is  6.55 k i lom ete rs /  
second. The depth o f  the d is c o n t in u i t y  is  21.7 k i lometers under the 
earthquake epicenters near Helena (Fig. 4) and 18.9 k i lometers under 
the earthquake epicenters in Yellowstone National Park (Fig. 3).
Figure 8 i l l u s t r a t e s  the derived c rus ta l  model between Helena and 
Yellowstone.
The second a r r i v in g  head wave, presumably from the Mohorovicic 
d is c o n t in u i t y ,  has an apparent v e lo c i t y  o f  8.01 kilometers/second on 
the p r o f i l e  across the Helena a rray ,  and 8.16 kilometers/second on the 
p r o f i l e  across Yellowstone. This ind ica tes  the apparent dip is  nor th ­
west, the same d i re c t io n  as fo r  the in termediate c rus ta l  d is c o n t in u i t y .  
The value o f  the apparent dip is  0.56°. The t rue P-wave v e lo c i t y  is  
8.03 ki lometers/second below the Mohorovicic d is c o n t in u i t y .  The depth 
o f  the d is c o n t in u i ty  is  40.5 k i lometers near Helena and 38.2 k i lometers 
under the earthquake epicenters in Yellowstone National Park (Fig. 8).
Unreversed P ro f i l e  Northwest from Yellowstone
The United States Geological Survey operated temporary seismo­
graph s ta t ions  in southwestern Montana during the summer o f  1974 fo r  
P-wave t rave l  t ime studies o f  d is ta n t  earthquakes (Eaton, 1975).
S tat ion loca t ions  are shown in Figure 2. L inear arrangements o f  the 


















Exaggeration 1.5 to 1
SE
Figure 8. Cross section o f  the crustal model derived from the re frac t ion  p ro f i le s  
across the Helena and Yellowstone arrays. End points are the earthquake 
epicenters located near Helena (Figure 4) and in Yellowstone (Figure 3).
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conjunct ion w i th  the Helena and Yellowstone arrays. A magnitude 3.3 
earthquake w i th in  the Yellowstone a r ray ,  and located w i th  Yellowstone 
array data, provided a source f o r  a re f ra c t io n  p r o f i l e  to the no r th ­
west across the U.S.G.S. portab le  seismographs and the Helena array. 
Blasts o f  approximately magnitude 2 near Butte were used fo r  a p r o f i l e  
in the reverse d i re c t io n  across the U.S.G.S. portab le seismographs and 
the Yellowstone array. Table 7 l i s t s  the loca t ions  o f  the earthquake 
epicenters and Table 8 contains the coordinates and e leva t ions  o f  a l l  
seismograph s ta t ions  used f o r  the two p r o f i l e s .  Figure 9 i l l u s t r a t e s  
the earthquake ep icenter  w i th in  the Yellowstone array and the seismo­
graph s ta t io n  loca t ions  to the northwest used in the p r o f i l e  across 
the U.S.G.S. portab le seismographs and the Helena array. Figure 10 
shows the loca t ions  o f  the source and s ta t ions  used f o r  the reverse 
p r o f i l e  across the U.S.G.S. portab le seismographs and the Yellowstone 
array.
The d i r e c t  wave t rave l  times from the forward and reverse p r o f i l e s  
were combined to ca lcu la te  average v e lo c i t i e s .  Figure 11 is  a p lo t  o f  
the d i r e c t  wave t rave l  times versus distance and the l in e s  f i t  by 
le a s t  squares to the data. The Pg and Sg v e lo c i t ie s  are lower than 
previous determinat ions. The v e lo c i t y  o f  Pg is  5.68 kilometers/second 
and the v e lo c i ty  o f  Sg is  3.53 kilometers/second. The number o f  t rave l  
time observations is  smal ler  than fo r  the previous determinations.
The c o r re la t io n  c o e f f i c ie n t  o f  the Pg data is  0.999, and the standard 
dev ia t ion  o f  the t rave l  times from the l i n e  is  0.610 seconds. The 
c o r re la t io n  c o e f f i c ie n t  o f  the Sg data is  0.998, and the standard
Table 7
Seismic events used fo r  re f rac t ion  p ro f i le s  across the U.S.G.S. portable array, 


















October 12, 1974 181118.3 46.0458° 112.5110° 0 2
3 September 25, 1974 181535.85 45.0458° 112.5110° 0 2
4 September 25, 1974 180634.75 46.0458° 112.5110° 0 2
5 September 24, 1974 181045.99 46.0458° 112.5110° 0 2
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Table 8
Seismograph s ta t io ns  o f  the U.S.G.S- por tab le  a r ray ,  the Helena 
a r ra y ,  and the Yellowstone array used f o r  r e f r a c t io n  p r o f i l e s .





ENL 45.4502° 111.6490° 1625





RCK 46.4353° 112.9051° 1868
COT 45.6037° 112.3637° 1527








HLM 46.8894° 112.9331° 1366










YPSG 45.0030° 109.9875° 2270
YPGC 44.7962° 111.1065° 2075













Figure 9. Map o f  southwestern Montana with the earthquake epicenter and seismograph stat ions
used fo r  the re fract ion p ro f i le  across the U.S.G.S. portable array and the Helena array.
LEGEND 








Figure 10. Map of southwestern Montana with the b last s i te  and seismograph stat ions used fo r  the
wo














Figure 11. Plot o f  the d i rec t  wave travel times versus distance fo r  the re f ract ion p ro f i les  
across the U.S.G.S. portable array, the Helena array, and the Yellowstone array.
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dev ia t ion  o f  the t rave l  times from the l i n e  is  1.109 seconds. Tables 
9 and 10 l i s t  a l l  the d i r e c t  wave data, the equations o f  the f i t t e d  
l i n e s ,  and the time residual (o b se rve d - the o re t ica l ) o f  each observa­
t io n  w i th  the number o f  standard dev ia t ions  i t  represents.
Two re f rac ted  phases were observed in the p r o f i l e  across the 
U.S.G.S, portab le  seismographs and the Helena array ,  but the a r r i v a l s  
from the small magnitude b las ts  on the Yellowstone array were too low 
in amplitude to use. Figure 12 is  a p lo t  o f  the t rave l  t imes versus 
distance f o r  the head waves from the p r o f i l e  across the U.S.G.S. por­
tab le  seismographs and the Helena array (F ig.  9).  The l in e s  f i t  by 
leas t  squares ind ica te  an apparent v e lo c i t y  o f  6.35 kilometers/second 
fo r  the f i r s t  a r r i v in g  head wave, and 7.92 kilometers/second fo r  the 
second. The p lo t  (Fig. 12) is  d i f f e r e n t  from e i th e r  o f  the previous 
p lo ts  from between the Helena and Yellowstone arrays. At zero d is ­
tance, the d i r e c t  t rave l  t ime value is  negat ive,  and the f i r s t  re f ra c ­
ted wave is  never a f i r s t  a r r i v a l .  There were no source to s ta t io n  
distances in  the range where the f i r s t  re f rac ted  phase might be a 
f i r s t  a r r i v a l .  The c o r re la t io n  c o e f f i c ie n t  o f  the f i r s t  head wave 
data is  0.997, and the standard dev ia t ion  o f  the t ra ve l  times from the 
l i n e  is  0.855 seconds. The c o r re la t io n  c o e f f i c ie n t  o f  the Pn data is  
0.998, and the standard dev ia t ion  o f  the t rave l  t imes from the l i n e  
is  0.371 seconds. Table 11 l i s t s  the t rave l  times and s t a t i s t i c a l  
in format ion f o r  the p r o f i l e  across the U.S.G.S, portab le  seismographs 
and the Helena array.
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Table 9
Pg t ra ve l  time data from re f r a c t io n  p r o f i l e s  across the U.S.G.S 
por tab le  a r ray ,  the Helena a r ray ,  and the Yellowstone array .
Constants o f  Y=A+BX are: A=-0.738 B=0.176
1/C=5.68 (km/sec)
Standard dev ia t ion  o f  regression is  0.610 (sec)











COT 2 50.50 8.09 -0.07 0.11
ALD 2 91.62 14.64 -0.76 1.24
ENL 2 94.30 15.83 -0.04 0.07
DOE 2 136.02 22.79 -0.43 0.70
YPBB 2 157.08 26.82 -0.11 0.18
YPNJ 2 204.18 34.57 -0.65 1.07
YPSG 2 228.82 38.50 -1.06 1.74
YPBB 3 157.08 27.28 0.35 -0.58
YPNJ 3 178.91 30.15 -0.62 1.02
YPSG 3 228.82 39.23 -0.33 0.54
YPBB 4 . 157.08 28.13 1.20 -1.97
YPGC 4 177.22 30.51 0.04 -0.06
YPNJ 4 204.21 35.05 -0.18 0.29
YPSG 4 228.82 39.17 -0.39 0.64
YPBB 5 157.08 28.09 1.16 -1.90
YPGC 5 177.22 30.42 -0.05 0.09
YPSG 5 228.82 39.31 -0.25 0.41
DOE 1 75.61 12.94 0.36 -0.59
ENL 1 119.30 19.55 -0.72 1.18
BBG 1 157.28 28.15 1.19 -1.95
ELK 1 214.53 37.24 0.19 -0.32
XTL 1 224.46 39.06 0.27 -0.43
RCK 1 263.17 45.10 -0.51 0.84
YCM 1 247.77 43.48 0.58 -0.95
WHM 1 304.75 53.28 0.34 -0.56
HLM 1 304.39 53.54 0.67 -1.09
CKM 1 319.70 55.89 0.32 -0.53
MSO 1 350.17 60.44 -0.50 0.81
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Table 10
Sg t rave l  time data from re f ra c t io n  p r o f i l e s  across the U.S.G.S 
portab le a r ray ,  the hlelena a r ray ,  and the Yellowstone a rray .
Constants o f  Y=A+BX are: A=2.115 B=0,283
1/B=3.52 (km/sec)
Standard dev ia t ion  o f  regression is  1.109 (sec)











BBG 2 53.99 16.86 -0.57 0.51
ALD 2 91.62 29.17 . 1.07 -0.96
DOE 2 136.02 39.99 • -0.71 0.64
YPBB 2 157.08 46.55 -0.12 0.11
YPNJ 2 204.18 57.97 -2.06 1.86
YPBB 3 157.08 47.15 0.48 -0.43
YPDC 3 178.91 52.45 -0.41 0.37
YPBB 4 157.08 47.10 0.43 -0.39
YPBB 5 157.08 47.31 0.64 -0,58
DOE 1 75.61 24.66 1.10 -0.99
ENL 1 119.30 36.79 0.84 -0.75
BBG 1 157.28 44.90 -1.83 1.65
ELK 1 214.53 63.58 0.61 -0.55
YCM 1 247.77 70.94 -1.45 1.31
WHM 1 304.75 89.94 1.38 -1.25
MSO 1 350.17 102.04 0.60 -0.54
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Figure. 12. Plot of  the travel times o f  refracted phases versus distance fo r  the re f ract ion 
p ro f i le  across the U.S.G.S. portable array and the Helena array.
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Table 11
Travel time data f o r  re f rac ted  P-waves from the r e f r a c t io n  
p r o f i l e  across the U.S.G.S. portab le  array and the Helena array
F i r s t  a r r i v in g  phase
Constants o f  Y=A+BX are: A=2.552 B=0.157
1/B=6.34 (km/sec)
Standard dev ia t ion  o f  regression is  0.855 (sec)
Corre la t ion  c o e f f i c i e n t  is  0.997
S ta t ion  Event Distance Travel Time Time Residual Standard
No. km sec sec Deviations
ENL 1 119.30 22.94 1.59 -1.86
BBG 1 157.28 26.13 -1.21 1.41
ELK 1 214.53 35.90 -0.46 0.53
XTL 1 224.46 37.44 -0.48 0.56
RCK 1 263.17 44.16 0.14 -0.16
YCM 1 247.77 41.09 -0.50 0.59
WHM 1 304.75 50.77 0.20 -0.23
CKM 1 319.70 53.54 0.61 ■ -0.72
MSO 1 350.17 57.84 0.11 -0.13
Second a r r i v i ng phase
Constants o f Y=A+BX are: A=7.053 B=0.126
1/B=7.91 (km/ sec)
0.371 (sec)Standard devi a t ion  o f  regres si on is
C o r re la t i on c o e f f i c i e n t  is 0.998
ELK 1 214.53 34.54 0.39 -1.04
XTL 1 224.46 34.78 -0.63 1.69
RCK 1 263.17 40.16 -0.14 0.37
YCM 1 247.77 38.69 0.34 -0.91
WHM 1 304.75 45.57 0.02 -0.06
CKM 1 319.70 47.52 0.08 -0.22
MSO 1 350.17 51.22 -0.07 0.18
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The p r o f i l e  is  unreversed f o r  the re f rac ted  phases. The ca lcu la ­
t io n  o f  the layered model is  then constrained to hor izon ta l  boundaries. 
The determined apparent v e lo c i t ie s  must be assumed to represent the 
t rue values, and w i th  these s im p l i f i c a t io n s  the ca lcu la t io ns  o f  depths 
are s t ra ig h t fo rw a rd .  The depth o f  the in termediate c rus ta l  discon­
t i n u i t y  is  16.2 k i lom eters ,  and the depth o f  the Mohorovicic discon­
t i n u i t y  is  32.5 k i lometers.  Figure 13 i l l u s t r a t e s  the c rus ta l  model 
derived from the p r o f i l e  across the U.S.G.S. portab le seismographs and 
the Helena array.
In add i t ion  to the reversed p r o f i l e  between the Helena and Yellow­
stone arrays,  and the unreversed l i n e  from Yellowstone, the t rave l  
times f o r  earthquakes in the three areas o f  well located se ism ic i ty  
were measured to the World Wide Standardized Seismograph Network s ta ­
t io n  MSO (see Fig. 2).  A good d i s t r i b u t i o n  o f  source to s ta t io n  d is ­
tances was not obtained and the azimuths o f  the seismic s igna ls  var ied 
from northwest to southwest. The t rave l  t ime re la t io n sh ip s  were not 
in te rp re ted  fo r  c rus ta l  s t ru c tu re ,  but were used to  es ta b l ish  the 
t rave l  times to MSO from d i r e c t  observations. The t ra ve l  time i n f o r ­
mation f o r  s ta t io n  MSO is  in Appendix One.
Crustal Model o f  Southwestern Montana
I t  should be possib le  to obtain a reasonable three dimensional 
model o f  the c rus ta l  s t ru c tu re  using the two reversed re f ra c t io n  pro­
f i l e s  in  southwestern Montana. The s t r i k e  o f  the two p r o f i l e s  is  





























Figure 13. Cross section o f  the crustal model derived from the re f rac t ion  p ro f i les  
across the U.S.G.S. portable array, the Helena array, and the Yellov^stone 
array. Southeastern end is the earthquake epicenter in Yellowstone (Figure 9).
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dominantly w i th in  northwestern Montana. The south end o f  the p r o f i l e  
by Meyer e t  a l .  (1961), however, is  f a r t h e r  south than the north end 
o f  the Helena-Yellowstone reversed p r o f i l e .  I f  the c rus ta l  in te r faces  
are assumed to be planes, a simple th re e -p o in t  problem should re la te  
the end poin ts  o f  the reversed p r o f i l e s  w i th in  southwestern Montana at 
Helena, Yellowstone, and Butte. From the three depths o f  the i n t e r ­
mediate c rus ta l  d i s c o n t in u i t y  (21.7 k i lometers a t  Helena, 18.9 k i l o ­
meters a t  Yel lowstone, and about 23 k i lometers near Bu t te ) ,  the s t r i k e  
o f  the in te r fa c e  is  north 3.5° west and the dip is  only  0.03° south­
west. From the three measurementsof the t o ta l  c rus ta l  thickness (40.5 
ki lometers a t  Helena, 38.2 k i lometers a t  Yellowstone, and about 50 
k ilometers near B u t te ) ,  the s t r i k e  o f  the in te r fa ce  is  north 26° west 
and the dip is  7.8° southwest. This i n c l i n a t io n  o f  the Mohorovicic 
d is c o n t in u i t y  represents a reversal o f  the regional trend from th ic k e r  
crust  in eastern Montana to th inne r  in western Montana (McCamy and 
Meyer, 1964). The determinations o f  the o r ie n ta t io n s  o f  the i n t e r ­
faces should be s i g n i f i c a n t  in the r e s t r i c t e d  area between the data 
po ints .  The d i f fe ren ce  in the v e lo c i t y  o f  P-waves in the upper mantle 
between the two reversed p r o f i l e s  impl ies a s ig n i f i c a n t  increase in 
ve lo c i ty  to the north and west. This is  also the case w i th  the ve lo­
c i t y  o f  P-waves in  the lower c rus t .
With a determinat ion o f  the geometry o f  the in te r faces  and t rue 
v e lo c i t ie s  in the c ru s t  and upper mantle, the re su l ts  o f  the two unre­
versed p ro f i l e s  should be reexamined. The east-west p r o f i l e  shot from 
near Butte and recorded by the Carnegie I n s t i t u t i o n  y ie lded  a P-wave
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v e lo c i t y  o f  6.9 k i lometers/second in  the lower c rus t  and 8.4 k i lom e te rs /  
second in the upper mantle (Fig. 1 a f t e r  McCamy and Meyer, 1964). 
According to the in te rp re ta t io n  here, the o r ie n ta t io n  o f  the p r o f i l e  
was in the up-dip d i re c t io n  in re la t io n  to the Mohorovicic d i s c o n t i ­
nu i ty .  This would r e s u l t  in an apparent v e lo c i t y  higher than the t rue 
value. The dip on the in termedia te c rus ta l  d i s c o n t in u i t y  is  very small 
and should not have created an apparent v e lo c i ty  much higher than the 
true value. The unreversed p r o f i l e  from Yellowstone recorded on the 
U.S.G.S. portab le seismographs and the Helena array produced a P-wave 
v e lo c i ty  o f  6.35 k ilometers/second in  the lower c rus t  and 7.92 k i l o ­
meters/second in the upper mantle (Fig. 13). The p r o f i l e  was run in 
the down-dip d i re c t io n  in re la t io n  to the Mohorovicic d is c o n t in u i t y .
This would create a low apparent v e lo c i ty .  The p r o f i l e  was also run 
down-dip in  r e la t io n  to the in termedia te c rus ta l  d i s c o n t in u i t y .  The 
small value o f  the d ip ,  however, could not have created an apparent 
ve lo c i ty  much lower than the t rue  value.
The r e c o n c i l ia t io n  o f  the unreversed p r o f i l e  data w i th  the three- 
dimensional model brought the P-wave v e lo c i t i e s  in to  b e t te r  agreement 
w i th  the three-dimensional model developed here. The upper mantle 
shows an increase in P-wave v e lo c i t y  to the west. The lower c rus t  
also shows an increase in P-wave v e lo c i t y  to the west w i th  the exception 
o f  the unreversed p r o f i l e  from Yellowstone. This p r o f i l e  has a slower 
P-wave v e lo c i t y  -in the lower c rus t  than the reversed p r o f i l e  between 
Helena and Yellowstone j u s t  to  the east.
CHAPTER I I I
THE GRAVITY FIELD
Gravity  Data and Computer Processing
Numerous in ve s t ig a to rs  have measured the g ra v i ty  f i e l d  in Mon­
tana. The Department o f  Defense and the United States Geological 
Survey have done the la rg e s t  amount o f  work. The Department o f  
Defense has also compiled most o f  the ava i lab le  g ra v i ty  data (Grav i ty  
Services, 1973). The Montana Bureau o f  Mines and Geology published 
a contoured g ra v i ty  map o f  the s ta te  (Bon in i ,  e t  a l . ,  1973). From 
th is  map, and others made by Smith (1967) o f  northwestern and centra l  
Montana, the general features o f  the g ra v i ty  f i e l d  have been estab­
l ished. There is  a general trend in  the g ra v i t y  f i e l d  s trength to 
decrease toward the southwestern p a r t  o f  the s ta te .  A con tras t  ex is ts  
between smooth features in eastern Montana and more complex patterns in 
mountainous western Montana. Northwestern Montana is  character ized by 
a small increase in g ra v i t y  to the southwest, but features general ly  
maintain a northwest s t r i k e .  Southwestern Montana is  the most complex 
in appearance. The decrease in values is  pronounced to the south and 
west, and many features s t r i k e  east and north.
In order to in v e s t ig a te  the g ra v i t y  f i e l d  o f  southwestern Montana, 
a sequence o f  computer programs was u t i l i z e d .  These programs f i t  
mathematically simple surfaces to the g ra v i t y  data in  order to de te r ­
mine q u a n t i t a t i v e ly  the regional t rend and aid in the in te rp re ta t io n
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o f  complex geologic s t ruc tu res .  The source o f  data was the Department 
o f  Defense compila t ion which is  contained in  a computer f i l e .  The f i l e  
includes over fou r  thousand g ra v i ty  measurements in the region depicted 
in Figure 14. The g ra v i ty  values were not corrected f o r  va r ia t io ns  
due to the t e r r a in  (G rav i ty  Serv ices, 1973).
The surface f i t t i n g  was done using a le a s t  squares technique w i th  
a computer program a f t e r  Cole (1969). The program ca lcu la tes  plane, 
quadra t ic ,  and cubic surfaces. The surfaces approximate the g ra v i ty  
f i e l d  by le a s t  squares min imizat ion o f  the d i f fe rence  between a power 
series in  cartesian coordinates and the g ra v i ty  f i e l d  values. The 
power ser ies is  o f  the form
A N
G(x.y)--T z  c:
N  - O  M =0
where A is  the degree o f  the power ser ies (o r  order o f  the f i t )  and 
are constants. The sum o f  the squares o f  the d i f fe rences  between 
G(x,y) a t  a data lo ca t io n  and the actual data value is  minimized. The 
constants are adjusted such th a t  the minimum d i f fe rence  is  obtained.
In add i t ion ,  the program modif ies the low order surface w i th  loca l  
quadratic f i t s  to b e t te r  match the d e ta i l s  o f  the complex va r ia t io ns  
o f  the to ta l  f i e l d .  The lower order surface, modif ied in th is  way, is  
then smoothed to produce a f i n a l  f i t  to the g ra v i t y  f i e l d .  From these 
ca lcu la t ions ,  contoured maps o f  the f i n a l  f i t ,  the low order sur face, 
and the d i f fe ren ce ,  o r  re s id u a l ,  between the two are produced. A l i s t ­
ing o f  the s u r f a c e - f i t t i n g  program JCMAP2.F0R, and in format ion on the 
use o f  the e n t i r e  program sequence is  contained in Appendix Two.
oo
Figure 14. Map of southwestern Montana and v i c i n i t y  with the locat ion of grav i ty  
measurements from the Gravity Services (1973) computer f i l e .
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Regional Total F ie ld  and Trend F i t  Maps
The g ra v i ty  f i e l d  o f  southwestern Montana is  i l l u s t r a t e d  in 
Figure 15. This machine contoured map is  o f  s imple, not t e r r a in -  
corrected, Bouguer g ra v i ty  anomaly. Terra in  correc t ions  could increase 
some o f  the g ra v i ty  values by 10 m i l l i g a l s  or more, and change the 
form o f  many smal l -sca le  features.  The map is  also s p e c ia l ly  f i l t e r e d  
because the contours are derived from values spec i f ied  on a g r id .  .
On Figure 15 and the res idual map to fo l lo w ,  the f i l t e r i n g  would e l i ­
minate features less than 0.5 centimeters in s ize ( tw ice the g r id  
spacing) which corresponds to about 11 k i lometers a t  the scale o f  the 
maps. The g ra v i ty  f i e l d  o f  southwestern Montana (Figure 15) is  domi­
nated by a southwester ly  decrease in  g ra v i t y  values o f  approximately 
100 m i l l i g a l s  in  460 k i lometers .  There are d i s t i n c t i v e  east-west 
trends in the contour l in e s  near Helena and north o f  Yellowstone 
National Park which represent g ra v i t y  decreases to the south. Conspi­
cuous g ra v i ty  lows are located in Yellowstone National Park and nor th ­
west o f  D i l lo n ,  and a g ra v i t y  high is  located west o f  Bozeman. Figure 
16 shows the plane f i t  by le a s t  squares to the g ra v i ty  f i e l d  o f  south­
western Montana and v i c i n i t y .  The p lanar trend in  the g ra v i ty  f i e l d  
has a s t r i k e  o f  north 65° west and a maximum gradient  o f  -0.24 m i l l i -  
ga ls /k i lometer  southwest. The decrease in  the value o f  g ra v i ty  
across the map area is  120 m i l l i g a l s  in  460 k ilometers. The plane f i t  
represents wel l  the southwester ly  decrease in  g ra v i t y  seen in  the 




Figure 15. Contoured Bouguer g ra v i t y  anomaly map o f  southwestern
Montana and v i c i n i t y .  Contour in te rv a l  is  10 m i l l i ­





Figure 16. Contoured p l a n e - f i t  Bouguer g ra v i t y  anomaly map o f
southwestern Montana and v i c i n i t y .  Contour in te rva l
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Figure 17. Contoured res idua l  Bouguer g ra v i t y  anomaly map (Bouguer 
g ra v i t y  anomaly minus p l a n e - f i t  value) o f  southwestern 
Montana and v i c i n i t y .  Contour in te rv a l  is  10 m i l l i g a l s  
and the scale is  1:2250000.
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is  a map o f  the residual from the plane f i t  f o r  southwestern Montana 
and v i c i n i t y .  The residual is  the p l a n e - f i t  map (Fig. 16) subtracted 
from the Bouguer g ra v i ty  anomaly map (F ig.  15). On the residual map, 
the east-west trends near Helena and north o f  Yellowstone National 
Park are less conspicuous than on the to ta l  f i e l d  map. Part  o f  the 
g ra v i ty  decrease represented by these features is  removed by the plane 
f i t .  The g ra v i t y  lows in Yellowstone National Park and northeast o f  
D i l lon  and the g ra v i ty  high east o f  Bozeman are near ly  id e n t ic a l  to 
t h e i r  appearance on the t o ta l  f i e l d  map. These three features are
characterized by c losure on a scale small in comparison to the map
area. In general,  the c a lc u la t io n  o f  res iduals  to a low-order po ly­
nomial f i t  al lows the separat ion o f  features o f  d i f f e r e n t  scales.
The use o f  h igher-o rder  polynomial surfaces permits the trend f i t  
to more c lose ly  represent the d e ta i l s  o f  the g ra v i ty  f i e l d .  Two 
h igher-order surfaces were ca lcu la ted  f o r  the area o f  southwestern 
Montana and v i c i n i t y .  Figure 18 shows the quadrat ic  surface f i t  by 
leas t  squares to the g ra v i ty  f i e l d  o f  the area. This curved surface
shows tha t  g ra v i ty  decreases to the south and southwest in  the map
area. The decrease in  g ra v i t y  to  the south represents the con t r ibu ­
t ions o f  the east-west trends near Helena and north o f  Yellowstone 
National Park and the g ra v i t y  low w i th in  Yellowstone National Park 
(Fig. 15). The quadra t ic  f i t  is  in f luenced by the g ra v i ty  low in 
Yellowstone National Park much more than the plane f i t  was. The 





Figure 18. Contoured q u a d r a t i c - f i t  Bouguer g ra v i t y  anomaly map o f
southwestern Montana and v i c i n i t y .  Contour in te rva l
is  10 m i l l i g a l s  and the scale is  1:2250000.
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than the p lanar trend. Figure 19 is  the cubic surface f i t  to  the 
g ra v i ty  f i e l d  o f  southwestern Montana and v i c i n i t y .  This map shows 
a s trong representat ion o f  the g ra v i ty  low in the area o f  Yellowstone 
National Park and p a r t i a l  c losure on the low g ra v i ty  values in the 
southwestern pa r t  o f  the map area. Even h igher-o rder  surfaces could 
match b e t te r  the d e ta i l s  o f  the t o ta l  f i e l d ,  but simple surfaces 
appl ied to smal ler  subregions can accomplish the same re s u l t .  The 
o r ig ins  o f  in d iv id u a l  g ra v i ty  features mentioned above w i l l  be inves­
t iga ted  in th is  way w i th  the exception o f  the g ra v i ty  high east o f  
Bozeman. This g ra v i t y  fea tu re  is  located in  the v i c i n i t y  o f  the Three 
Forks Valley near a change in trend o f  the Lombard th ru s t  and i t s  
o r ig in  is  not understood.
Trend F i t  Maps o f  Major Gravity  Features
The Bouguer g ra v i ty  map (Fig.  15) contains many features th a t  are 
re lated to features on general geologic maps. Figure 20 is  a general­
ized geologic map o f  southwestern Montana and v i c i n i t y .  Region A on 
Figure 20 corresponds to the map area o f  Figures 15 through 19. The 
grav i ty  lows in the southwestern and southeastern parts o f  Figure 15 
w i l l  be inves t iga ted  by r e f i t t i n g  surfaces to the regions labeled B 
and C on Figure 20. (Note: The g ra v i t y  data used fo r  these two
regions extends much f a r t h e r  south and west than is  i l l u s t r a t e d  on 
Figure 14.) The southwestern pa r t  o f  Figure 15 contains the g rav i ty  
low northwest o f  D i l lo n  a n d , fa r th e r  to  the southwest,values o f  g rav i ty  
equally low but not pa r t  o f  a d i s t i n c t  fea tu re  w i th in  the map area.
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Figure 19. Contoured c u b i c - f i t  Bouguer g ra v i ty  anomaly map o f
southwestern Montana and v i c i n i t y .  Contour in te rva l
is  10 m i l l i g a l s  and the scale is  1:2250000.
Figure 20. Generalized geologic map of  southwestern Montana and parts 
o f  Idaho and Wyoming a f te r  King and Beikman (1974). The 
four regions covered by grav i ty  maps are shown; A fo r  Figures 
15 through 19, B fo r  Figures 21 and 22, C fo r  Figures 23 and 
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A n  the t r e n d - f i t  maps are s t rong ly  in f luenced by the low g ra v i ty  values 
in the southwestern corner. Most o f  the western edge o f  the g ra v i ty  map 
area is  pa r t  o f  the Idaho b a th o l i th .  Figure 21 is  a quadrat ic  surface f i t  
to the g ra v i t y  data from the northern pa r t  o f  the Idaho b a th o l i th  and 
v i c i n i t y .  The g ra v i ty  low on Figure 21 is  large in magnitude and shows 
p a r t i a l  c losure over a broad area. The center o f  the fea ture  is  o f f s e t  
to the east from the mapped exposure o f  the pluton (Fig. 20). The o f f ­
set g ra v i t y  low may ind ica te  th a t  g r a n i t i c  rock a t  depth is  centered to 
the east o f  the mapped exposures, or  tha t  i t  represents volcanic  rocks 
and intermountain deposits in  add i t ion  to the pluton.
Figure 22 shows the cubic surface f i t  to the g ra v i ty  data f o r  the 
same area. On th is  map, the western side o f  the g ra v i ty  low is  more 
l i n e a r  w i th  a s t r i k e  j u s t  east o f  north. This is  in agreement w i th  the 
geologic border o f  the b a th o l i th  (Fig. 20). The g ra v i ty  low in the south 
and centra l  pa r t  o f  the map is  centered over mapped exposures o f  the p lu ­
ton and ex t rus ive  igneous rocks (Fig. 20).
The eastern pa r t  o f  the g ra v i ty  low a t  the bottom o f  Figure 22 is  
associated w i th  a trough o f  low g ra v i ty  values which extends southwest- 
ward from the prominent g ra v i ty  low northwest o f  D i l lon  (Fig. 15). The 
g ra v i t y  low northwest o f  D i l lo n  is  one o f  the la rges t  magnitude g ra v i ty  
features w i th in  southwestern Montana. I t  is  associated w i th  several 
large intermountain va l leys  in th is  area. The lowest g ra v i ty  values 
correspond w i th  the v a l le y  o f  the Big Hole River. A great thickness o f  
sedimentary and/or vo lcan ic  rock in  the va l le y  could expla in the strong 
g ra v i t y  low. The low dens i ty  materia l  in these val leys in f luenced the
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Figure 21. Contoured q u a d r a t i c - f i t  Bouguer g ra v i ty  anomaly 
map o f  the northern Idaho b a th o l i th  and v i c i n i t y  








Figure 22. Contoured c u b i c - f i t  Bouguer g ra v i ty  anomaly map 
o f  the northern Idaho b a th o l i th  and v i c i n i t y .  
Contour in te rv a l  is  10 m i l l i g a l s  and the scale 
is  1:2000000.
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t r e n d - f i t  surfaces f o r  the area o f  the northern Idaho b a th o l i th .
The g ra v i t y  low in the southeastern corner o f  Figure 15 is  cen­
tered in  Yellowstone National Park. This area is  character ized by 
Quaternary volcanism and c u r re n t ly  a c t ive  se ism ic i ty .  The generalized 
geology o f  the area is  i l l u s t r a t e d  in region C o f  Figure 20. Figure 23 
is  a quadrat ic  surface f i t  to the Bouguer g ra v i ty  values in  th is  area. 
The g ra v i ty  low in  Figure 23 is  la rge in magnitude and shows s i g n i f i ­
cant closure over a broad area. The appearance o f  the quadrat ic  
surface is  very s im i l a r  to th a t  expected fo r  a low-densi ty  spherical 
body. Figure 24 shows the c u b i c - f i t  surface f o r  the same area.
The center o f  the g ra v i ty  low is  s im i la r  on both t r e n d - f i t  maps. 
The c u b i c - f i t  surface r e s t r i c t s  the area o f  the centra l  low and i n ­
cludes a trough o f  low values o f  g ra v i ty  to the north.  This northern 
g rav i ty  low may be associated w i th  T e r t ia r y  g r a n i t i c  in t ru s io ns  and 
volcanic f i e l d s  in the Absaroka mountain range. However, the dominant 
rock type is  c r y s t a l l i n e  basement metamorphic rocks (Figure 20). The 
central g ra v i ty  low on Figures 23 and 24 is  associated w i th  a nega­
t ive  magnetic anomaly and an aseismic zone in te rp re te d  as representing 
a magma chamber (Smith, e t  a l . ,  1977). This i s  supported by the pre­
sence o f  Quaternary vo lcan ic  rocks and current  thermal a c t i v i t y .  The 
g rav i ty  low due to the magma chamber is  pa r t  o f  the g ra v i ty  low tha t  
is apparent in  the quadra t ic  t rend f i t .  Figure 18.
Another prominent g ra v i t y  fea tu re  on Figure 15 is  the s trong, 
approximately east-west,  l i n e a r  t rend located near Helena. This feature
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Figure 23. Contoured q u a d r a t i c - f i t  Bouguer g ra v i ty  anomaly 
map o f  Yellowstone National Park and v i c i n i t y .  
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Figure 24. Contoured c u b i c - f i t  Bouguer g ra v i ty  anomaly map 
o f  Yellowstone National Park and v i c i n i t y .  
Contour in te rv a l  is  10 m i l l i g a l s  and the scale 
is  1:1250000.
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forms a boundary between the genera l ly  northwest s t r i k i n g  g ra v i t y  fea­
tures on the north side and a more complex f i e l d  to the south. I t  is  
also a s i g n i f i c a n t  physiographic boundary, and is  composed o f  d iverse
geologic  elements. Region D in Figure 20 i l l u s t r a t e s  the general ized 
geology. Figure 25 shows the p l a n e - f i t  o f  the g ra v i ty  data in  the area. 
The plane represents a g ra v i ty  decrease to the southwest w i th  a s t r i k e  
■much c lose r  to east-west than the regional grad ien t  (Figs. 16 and 18). 
Figure 26 shows the quadra t ic  surface f i t  to the same g ra v i t y  data.
Figure 26 also shows the general loca t ion  o f  the Montana Lineament
a f t e r  Weidman (1965). The g ra v i ty  grad ient  corresponds to the Montana
Lineament w i th  the except ion o f  the area near Missoula. Here the
g ra v i ty  fea tu re  maintains a more east-west s t r i k e  th a t  is  cons is ten t
w i th  the northern l i m i t  o f  the Idaho b a th o l i th  (Fig. 20). To the east
both the g ra v i t y  trend and the Montana Lineament genera l ly  bound the
exposures o f  la te  Mesozoic and ea r ly  T e r t ia r y  g r a n i t i c  plutons to  the
south (Fig. 20). The zone i s  also believed to have been a c t ive  in
the Precambrian and to have in f luenced sedimentat ion o f  the Be l t
Supergroup (Winston, 1978). The Montana Lineament appears to mark a
zone o f  teco tn ic  weakness a c t ive  over a very long span o f  t ime. The
southward decrease in  g ra v i ty  might be in te rp re te d  as an increase in
the depth to the c r y s t a l l i n e  basement. However, the Wil low Creek f a u l t
zone, which is the east-west t rend north o f  Yellowstone National Park
(Fig. 15), bounds exposures o f  c r y s t a l l i n e  basement rock to  the south










Figure 26. Contoured q u a d ra t ic - f i t  Bouguer gravity  anomaly map of  part o f  the
Montana Lineament and v i c i n i t y .  Stippled region is part o f  the Montana 
Lineament a f te r  Weidman (1965), Contour in terval is  10 m i l l ig a ls  and 
the scale is 1:1500000.
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g ra v i t y  decreases associated w i th  these east-west trends appear 
to be due to changes in  c rys ta l  thickness or dens i ty  in the lower 
c rus t  and/or upper mantle.
CHAPTER IV 
CONCLUSIONS
Fioure 27 i l l u s t r a t e s  the planar trend o f  Bouguer g ra v i ty  anomal­
ies and the thickness o f  the c rus t  derived from seismic re f ra c t io n  data 
in southwestern Montana. The p l a n e - f i t  Bouguer g ra v i ty  anomaly is  the 
same as in Figure 16 in Chapter I I I .  The thickness o f  the c rus t  is  as 
determined in Chapter I I  by the three po in t  r e la t io n s h ip  o f  the ends o f  
reversed re f r a c t io n  p r o f i l e s  in southwestern Montana (Figs. 1 and 8) .  
The decrease o f  the Bouguer g ra v i t y  anomaly is  -0.24 rni H i  gal s /k i lome­
te r  in the d i re c t io n  south 25° west and the in c l in a t io n  o f  the base o f  
the c rus t  from seismic data is  7.8° in the d i re c t io n  south 64® west 
(Fin. 27). The decrease in the Bouguer g ra v i t y  anomaly could re s u l t  
from both the increase in  c rus ta l  th ickness and la te ra l  changes in 
density.  Seismic evidence impl ies some la te ra l  change in  the dens i t ies  
o f  the lower c rus t  and upper mantle on the basis o f  d i f fe rences in P- 
wave v e lo c i t i e s  between the reversed re f ra c t io n  p r o f i l e s  (Figs. 1 and 
8). A decrease in dens i ty  w i l l  decrease the g ra v i ta t io n a l  a t t r a c t io n  
and the lower dens i ty  mater ia l  w i l l  have a lower P-wave v e lo c i ty  (e.g. 
Birch, 1961). The reversed re f r a c t io n  p r o f i l e  presented in th is  study 
is south and east o f  the reversed p r o f i l e  o f  McCamy and Meyer (1964) 














Figure 27. Map o f  southwestern Montana and v i c i n i t y  w i th  plane-
f i t  Bouguer g ra v i t y  anomaly and thickness o f  the c rus t  
from seismic r e f r a c t io n  data. X's mark end poin ts o f  
reversed r e f r a c t io n  p r o f i l e s  near Helena and in Yellow­
stone ( t h i s  study) and near Butte (McCamy and Meyer, 
1964). Scale is  1:2250000.
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In Chapter I I ,  the planar approximation o f  the t o ta l  c rus ta l  
th ickness in southwestern Montana was ca lcu la ted .  The 7.8^ in c l in a t io n  
o f  the Mohorovicic d is c o n t in u i t y  would e a s i ly  dominate the g ra v i ty  
f i e l d .  In order to ca lcu la te  the e f f e c t  o f  the increase in crusta l  
thickness on the g ra v i t y  f i e l d ,  i t  is  necessary to assign dens i t ies  
to the lower c rus t  and upper mantle. P-wave v e lo c i t i e s  have been empi­
r i c a l l y  re la ted  to the dens i ty  o f  rocks (B irch ,  1961). Assumptions 
must be made concerning the composit ion o f  the c rus t  and upper mantle. 
This assumption is  made w i th  the most confidence fo r  the upper c rus t .  
The observed P-wave v e lo c i t y  o f  the d i r e c t  paths in the upper c rus t  is  
nearly 6.0 ki lometers/second on both reversed re f ra c t io n  p ro f i l e s  in 
southwestern Montana. This v e lo c i t y  is  exh ib i ted  by common s u r f i c i a l  
rocks w i th  a dens i ty  o f  2.7 grams/cubic centimeter under a pressure 
appropriate f o r  the c rus t  above the in termediate d is c o n t in u i t y  in se is ­
mic v e lo c i t y .  These types o f  rock genera l ly  contain s l i g h t l y  less 
s i l i c o n  d iox ide than g ra n i te .  The observed v e lo c i t i e s  o f  P-waves in 
the lower crus t  and upper mantle were 6.55 kilometers/second and 8.08 
kilometers/second, re s p e c t iv e ly ,  on the re f ra c t io n  p r o f i l e  w i th in  
southwestern Montana. These v e lo c i t i e s  must be associated w i th  rock 
under greater hyd ro s ta t ic  pressure. Using re la t io n sh ip s  o f  Birch 
(1961) f o r  rocks under 10 k i lo b a rs  pressure w i th  an average molecular 
weight o f  22, the dens i ty  o f  the lower c rus t  is  2.93 grams/cubic c e n t i ­
meter. The lower c rus t  would correspond to rock w i th  a s i l i c o n  dioxide 
content near tha t  o f  basa l t .  Assumptions about the upper mantle are 
the most tenuous. Pyroxenite a t  10 k i lob a rs  pressure has a P-wave
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v e lo c i t y  o f  8.08 kilometers/second w i th  a dens i ty  o f  3.31 grams/cubic 
cent imeter (Chr is t iansen ,  1974), and p e r id o t i t e  a t  10 k i lobars  has a 
P-wave v e lo c i t y  o f  8.04 kilometers/second and higher w i th  a densi ty  
o f  3.29 grams/cubic cent imeter (Chr is t iansen, 1966).
The change in Bouguer g ra v i ty  anomaly due to the in c l in a t io n  o f  
the base o f  the c rus t  can be ca lcu la ted using the assigned dens i t ies .  
The co n t r ibu t ion s  o f  v a r ia t io n  in the depth o f  the in termedia te crusta l  
d i s c o n t in u i t y  and la te ra l  changes in densi ty  w i l l  be ignored to sim­
p l i f y  the c a lc u la t io n .  The la te ra l  g ra v i ty  gradient due to the 
in c l in ed  Mohorovicic d i s c o n t in u i t y  is
I
where 0 is  the dip and Ap is  the dens i ty  con tras t  between the lower 
crust  and upper mantle. Using a dens i ty  con tras t  o f  0.37 grams/cubic 
centimeter and a dip o f  7 .8° ,  the g ra v i ty  gradient should be -0.21 
m i l l i g a ls / k i l o m e te r  in the d i re c t io n  south 64° west. The actual 
g rav i ty  gradient o f  the p l a n e - f i t  Bouguer g ra v i ty  anomaly is  -0.24 
m i l l i g a ls / k i l o m e te r  in  the d i re c t io n  south 25° west. The small v a r ia ­
t ion observed in the th ickness o f  the upper c rus ta l  laye r  (Chapter I I )  
cannot expla in the d i f fe re n c e  between the ca lcu la ted and observed 
gradients. A decrease in lower c rus ta l  and/or upper mantle dens i t ies  
to the southeast appears necessary to reconc i le  the seismic and g ra v i ty  
data.
The Bouguer g ra v i t y  anomalies decrease to the south in the east- 
west trends in the area o f  the Montana Lineament and north o f  Yellowstone
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National Park (Fig. 15). These two trends inf luenced the p l a n e - f i t  
Bouguer g ra v i t y  anomaly map, and the combined in f luence o f  the two 
trends is  southeaster ly .  Both trends were in te rp re ted  in Chapter I I I  
as represent ing changes in the thickness o f  the c rust  or  densi ty  in the 
lower c rus t  and/or upper mantle.
A comparison o f  the reversed re f ra c t io n  p r o f i l e  presented in th is  
study w i th  ones from northwestern and eastern Montana shows tha t  south­
western Montana is  character ized by a th in ne r  c rus t  and lower P-wave 
v e lo c i t ie s  in the lower c rus t  and upper mantle than these o ther areas. 
The d i f fe rences  between the tv;o reversed re f ra c t io n  p ro f i le s  in south­
western Montana imply th a t  P-wave v e lo c i t i e s  increase to the west as 
w e l l ,  and th a t  the Mohorovicic d is c o n t in u i t y  dips to the southwest.
This dip o f  the Mohorovicic d is c o n t in u i t y  represents a reversal o f  the 
trend in eastern Montana where the c rus ta l  thickness decreases south- 
westward (McCamy and Meyer, 1964).
The g ra v i t y  f i e l d  o f  southwestern Montana includes the lowest 
Bouguer g ra v i ty  anomalies in  Montana. The planar trend o f  Bouguer 
g rav i ty  anomalies w i th in  southwestern Montana and v i c i n i t y  represents 
a decrease to  the south southwest. Quadratic and cubic f i t s  to  the 
g rav i ty  data show th a t  the p lanar t rend is  averaging decreases in 
g rav i ty  to the southwest and southeast. The decrease in g ra v i ty  to 
the southwest corresponds to  the increase in c rusta l  thickness and 
also large intermountain va l leys  and igneous rocks o f  the Idaho 
ba tho l i th .  The southeastward decrease in g ra v i t y  represents the
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east-west trends in  the area o f  the Montana Lineament and north o f  
Yellowstone National Park. The g ra v i ty  low w i th in  Yellowstone National 
Park is  represented more by the progress ive ly  h igher-order surfaces.
The east-west trend in  the area o f  the Montana Lineament is  a g ra v i ty  
decrease to the south, and may represent the t r a n s i t io n  to th inne r  
crus t  and lower dens i t ies  in the lower c rus t  and upper mantle in  south­
western Montana from northwestern Montana.
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This appendix contains t rave l  t ime p lo ts  and equations derived from 
W.W.S.S.N. seismograph s ta t io n  MSO records o f  w e l l - loca te d  earthquakes 
in  southwestern Montana. The loca t ions  f o r  most o f  these events u t i ­
l i z e d  the Helena array th a t  was operat ional from August, 1974 to 
October, 1976. During th is  t ime, i t  was possib le to accurate ly locate 
earthquakes w i th in  the array (St ickney,  1978), and between the Helena 
and Yellowstone arrays (Qamar and Hawley, 1979). See Figure 2 in 
Chapter I I  f o r  the loca t ions  o f  these arrays. Earthquakes in these 
two areas are o f  in te re s t  to  research a c t i v i t i e s  a t  the Un ive rs i ty  o f  
Montana. Local t rave l  t ime re la t io n sh ip s  are useful in loca t ing  ea r th ­
quakes and the re fo re  to  many types o f  s tud ies.  Earthquakes w i th in  the 
Yellowstone a r ray ,  and located w i th  the Yellowstone array data (A. M. 
P i t t ,  personal communication) were also included in the data base.
The data base included t h i r t y - f o u r  earthquakes w i th in  the Helena 
array. The d i s t r i b u t i o n  o f  source to s ta t io n  distances o f  these earth­
quakes is  46 k i lometers to 159 k i lometers.  A l l  o f  these earthquakes 
were used in the d i r e c t  compressional wave (Pg) re la t io n s h ip ,  the d i re c t  
shear wave (Sg) r e la t io n s h ip ,  or  both. At 144 k i lom e te rs , earthquakes 
o f  approximately magnitude 3 e x h ib i t  a d i s t i n c t  head wave a r r i v in g  
nearly a second before Pg. Seven earthquakes in the area between the 
Helena and Yellowstone array were included in the data set.  These 
earthquakes are a t  d istances o f  199 k i lometers to 230 kilometers from 
stat ion MSG. Most o f  these events showed c le a r  Pg and Sg a r r i v a l s ,  and 
a l l  exh ib i ted one d i s t i n c t  head wave before Pg. A head wave before the
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d i r e c t  shear wave was also observed on two o f  the records. I t  was ex­
pected th a t  two head waves would have been evident from previous re f ra c ­
t io n  s tud ies .  S ta t ion  MSO e v ide n t ly  does not d is t ing u ish  c le a r l y  the 
head wave from the in termedia te c rus ta l  d is c o n t in u i ty  when i t  is  a second 
a r r i v a l .  Five w e l l - lo c a te d  earthquakes w i th in  the Yellowstone array 
were examined. The distances o f  these earthquakes from s ta t io n  MSO 
ranged from 340 k i lometers to  352 k i lometers. The earthquakes exh ib i ted 
c lear  Pg and Sg a r r i v a l s ,  and a s ing le  head wave before the d i re c t  
compressional wave. The Yellowstone earthquakes also showed a head wave 
before the d i r e c t  shear wave in  every case.
The v e lo c i t i e s  o f  the d i r e c t  compressional and shear waves i n d i ­
cated by le a s t  squares l in e s  f i t  to  a l l  the above data are 5.98 k i l o ­
meters/second and 3.41 k i lometers/second, respec t ive ly .  I t  was found 
tha t  a s ing le  l i n e  represented wel l  a l l  the t rave l  times o f  the compres­
sional head waves. The compressional head wave ve lo c i ty  ind icated by 
the leas t  squares l i n e  is  7.69 kilometers/second. This v e lo c i ty  is  
lower than values es tab l ished f o r  the upper mantle by reversed re f ra c ­
t ion  p r o f i l e s ,  and is  be l ieved to average v e lo c i t i e s  o f  the lower crust  
and upper mantle. The shear head wave data is  l i s t e d  in  Table Al.  The 
determined v e lo c i t y  o f  the shear head wave is  3.94 kilometers/second, 
but there is  s i g n i f i c a n t  s c a t te r  in the data (Table A l ) .
A p lo t  o f  the t ra ve l  t imes to MSO versus distance f o r  the observed 
Pg, Sg, and head waves appears in Figure Al.  The d i f fe rences in 
a r r iva l  times i f  p lo t te d  separa te ly  in Figure A2 fo r  fou r  useful
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Table Al
Travel t ime data f o r  the re f rac ted  S-wave from the MSO local 
t ra ve l  t ime study.
Constants o f  Y=A+BX are: A=5.281 B=0.253
1/B=3.94 (Km/Sec)
Standard dev ia t ion  o f  regression is  1.84 (Sec)









211.10 58.75 -0.08 0.04
210.60 58.69 -0.01 0.01
227.10 63.58 0.69 -0.37
210.60 58.44 -0.26 0.14
350.17 95,74 1.63 -0.88
340.34 87.90 -3.72 2.01
350.74 95.80 1.55 -0.84
350.53 95.80 1.60 -0.87
352.47 93.30 -1.39 0.75
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Figure Al. Plot of the travel times o f  d i rec t  and refracted phases versus 












Figure A2. Plot of travel time relat ionships derived from the MSO local 
t ravel time study.
78
combinations o f  phases. The l in e s  also appear in the form o f  equations 
in  Table A2, These may be used to  ca lcu la te  the distance o f  regional 




Equations o f  t ra ve l  t imes determined by le a s t  squares from wel l  
located earthquakes in southwestern Montana f o r  s ta t io n  MSO.
D=Distance T=Travel Time
Pg T = 0.1671 D + 0.8500
Sg T = 0.2930 D + 0.3552
Pn T = 0.1300 D + 5.3020
Sg - Pg D = 7.9430 T + 3.9300
Sn - Pn D = 8.1300 T + 0.1680
Pg - Pn D = 26.950 T + 120.00
Sg - Pn D = 6.1350 T + 30.350
appendix ™ o
81
This appendix con ta ins  a l i s t i n g  o f  the s u r f a c e - f i t t i n g  FORTRAN 
program JCMAP2. The program's o r i g i n a l  au thor  i s  A. J. Cole, and i t  
appeared in  Computer C o n t r ib u t io n  37, "An I t e r a t i v e  Approach to  the 
F i t t i n g  o f  Trend Surfaces" by the Kansas Geological Survey and the 
A.A.P.G. , 1969.. I t  is  reproduced here on ly  f o r  the convenience o f  
the reader.  The program was m od i f ied  f o r  the U n iv e rs i t y  o f  Montana's 
DEC System 20 computer, and in te g ra te d  i n to  a sequence o f  g r a v i t y  data 
processing programs a v a i l a b le  a t  the Department o f  Geology, U n iv e rs i t y  
o f  Montana. This  sec t io n  i s  in tended f o r  those who wish to use the 
programs in  t h e i r  presen t  form.
The use o f  these programs would be f a c i l i t a t e d  by knowledge o f  
EDIT o r  s i m i l a r  t e x t - e d i t i n g  program and FORTRAN, but simple runs 
should be po ss ib le  w i th  o n ly  t h i s  guide. A major source o f  g r a v i t y  
data i s  the Department o f  Defense G rav i ty  Services D iv is io n  computer 
tape. A la rge  reg iona l  sec t io n  o f  the data (44°N to  49°N, 104°W to  
117°W) is  d i r e c t l y  a v a i l a b le  on the Department o f  Geology's computer 
area. This w i l l  be considered the source o f  data f o r  simple runs o f  
the program sequence. In fo rm a t io n  is  inc luded on how to  proceed from 
data o the r  than the Department o f  Defense f i l e .
Section I ,  Par t  I
The f i r s t  s tep in  the sequence i s  to  get the g r a v i t y  data ( lo c a ­
t io n  and value) from a geographic area o f  i n t e r e s t  toge the r  in  a f i l e  
on the computer. For t h i s  purpose, the program ACCES2.F0R is  used. 
This program was o r i g i n a l l y  w r i t t e n  by Alan Baldwin. ACCES2.F0R
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r e t r i e v e s  data from the Department o f  Defense f i l e .  Proceed to  Par t  2 
o f  t h i s  se c t io n  i f  o th e r  data i s  to  be used.
The program ACCES2.F0R types a lo c a t io n  map on the computer t e r ­
m ina l .  I f  the te rm ina l  in  use has a w id th  o f  132 cha rac te rs ,  se t  the 
te rm ina l  w id th  to 132 ( type TERM WIDTH 132), and a good map should
always r e s u l t .  I f  a narrow Tele type te rm ina l  is  used, a good vers ion
may have to  be p r i n te d  a f t e r  execut ion .
Type the f o l l o w in g :  EX ACCES2.FOR(GEOL.LIBQ)
The program w i l l  type :  INPUT MIN AND MAX LONGITUDE (LIMITS:
-014 to  -117, ENTER EASTERN LIMIT FIRST)
These are the eastern  and western l i m i t s  o f  the area to  be searched 
f o r  g r a v i t y  data. Negative s igns are used f o r  west lo n g i tu d e .  Type 
the lo n g i tu d e  o f  the east  and then the west l i m i t  o f  the des ired area.
For example, type :  -115 -116
The program w i l l  type :  INPUT LONG. INTERVAL, # OF LABELED GRIDS:
These are the number o f  d i v i s io n s  and the number o f  labe led  d i v is io n s  
on the lo c a t io n  map. I t  i s  usefu l  to  have the d i v is io n s  represent 
degrees, h a l f  degrees, e t c . .  Type the number o f  d i v i s io n s  and then 
the number o f  la b e le d  ones des i red .
For example, typ e :  4 4
The program w i l l  type :  INPUT MIN AND MAX LATITUDE (LIMITS: 44
TO 49)
These are the southern and no r the rn  l i m i t s  o f  the area to  be searched 
fo r  g ra v i t y  data. A l l  l a t i t u d e s  are n o r th .  Type the l a t i t u d e  o f  the 
south and then the n o r th  l i m i t  o f  the des ired  area.
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For example, type :  45 46
The program w i l l  type :  INPUT LAT. INTERVAL, # OF LABELED GRIDS:
This a p p l ie s  to  the l a t i t u d e  range o f  the lo c a t io n  map. Type the 
numberof d i v i s io n s  and then the number o f  labe led  ones des ired.
For example, type :  4 4
The program w i l l  types :  WHICH PLOT: ELEVATION (1 ) ,  OBSERVED
GRAVITY ( 2 ) ,  FREE AIR ANOMALY (3 ) ,  OR 
BOUGUER ANOMALY (4)?
The Department o f  Defense f i l e  con ta ins  a l l  t h i s  in fo rm a t ion  about 
each g r a v i t y  s t a t i o n .  A l l  the in fo rm a t io n  is  inc luded in  one o f  the 
f i l e s  c reated by the program (GRAVOU.DAT). Two o th e r  f i l e s  named 
below w i l l  con ta in  o n ly  what is  s p e c i f ie d  here. Type the number o f  
the data which i s  to  be t r e n d - f i t .  Bouguer anomaly (4) is  usua l ly  
se lected .
For example, type :  4
The program w i l l  type :  DESIRE OUTPUT FILES GRAVOU.PAT? GRAVIN.
DAT (FOR GRIDOING)? ANSWER 1 OR 0 
These are the two f i l e s  t h a t  con ta in  o n ly  one o f  the types o f  i n f o r ­
mation named above. GRAVOU.PAT is  f o r  p l o t t i n g  the value o f  the se lec­
ted in fo rm a t io n  as i s .  GRAVIN.DAT is  f o r  con t inu in g  the sequence o f  
programs f o r  t r e n d - f i t t i n g .  Type 1 f o r  yes o r  0 f o r  no f o r  GRAVOU.
PAT and then f o r  GRAVIN.DAT.
For example, type :  0 1
The program w i l l  t yp e :  MAP SCALE FOR GRID 1:?
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This i s  o n ly  used i f  the sequence is  to  be cont inued to  a t r e n d - f i t ,  
o therw ise  a dummy value may be used. The scale must be chosen so t h a t  
the area searched w i l l  f i t  on the p l o t t i n g  paper a t  the end o f  the 
sequence. The no r th -so u th  leng th  should no t  exceed 27 inches. Type 
the sca le  o f  the map des ired .
For example, type :  2 S W W
The program w i l l  type :  LAT, LONG FOR CENTER OF X, Y GRID (EX.
46.0 -  112.5)
Type the va lue o f  l a t i t u d e  and lo n g i tu d e  t h a t  i s  ha l f -way  between the 
l i m i t s  o f  the area searched.
For example, type :  45.5 -  115.5
The program w i l l  then type the names o f  the ou tpu t  f i l e s  and the
X ,  y value f o r  the o r i g i n  (o r  lower le f t - h a n d  corner)  o f  the search 
area a t  the sca le  s p e c i f i e d .  I f  the second value i s  more negat ive 
than -1 3 .5 ,  the map w i l l  be too b ig  to  p l o t .  These numbers are re ­
quired f o r  the next program in  the sequence. The program w i l l  then 
type a lo c a t io n  map o f  g r a v i t y  s ta t io n s  in  the search area. This map 
also appears in  the o u tp u t  f i l e  GRAVOU.DAT. The program w i l l  then 
type the number o f  g r a v i t y  s t a t i o n s  found in  the search area. This 
number is  a lso  re q u i re d  f o r  the next  program in  the sequence.
The ou tpu t  f i l e  GRAVOU.DAT should be p r in te d  (type PRINT GRAVOU.
DAT) f o r  a complete l i s t i n g  o f  the g r a v i t y  s ta t io n s .  GRAVOU.PAT is  
f o r  p l o t t i n g  the values o f  the in fo rm a t io n  se lec ted  e a r l i e r .
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Sect ion I , Part  2
I f  the g r a v i t y  data to  be t r e n d - f i t  i s  from some source o th e r  than 
the Department o f  Defense f i l e ,  a more complicated process must be f o l ­
lowed. The t r e n d - f i t t i n g  program described in  Section I I  requ i res  as 
in p u t  X ,  y  lo c a t io n s  no t  the l a t i t u d e  and lo ng i tud e  o f  the g r a v i t y  
s ta t io n s .  The x,  y values f o r  a l a t i t u d e ,  long i tud e  data se t  may be 
obta ined w i th  the program XYCON. FOR(GEOL. LIBQ). This  simple program 
uses a t ran sve rse  mercator p ro je c t i o n  subrou t ine .  The program must be 
e d i ted  f o r  the number o f  va lues ,  the cen te r  o f  p r o je c t i o n ,  and the 
scale des ired .
I f  the  g r a v i t y  data i s  from a new g ra v i t y  survey, a program is  
a v a i la b le  to  process the raw g r a v i t y  measurements to  Bouguer anomaly. 
This program i s  c a l le d  LATL0N.4(GE0L.LIBQ). XYCON.FOR(GEOL.LIBQ) must 
s t i l l  be used a f t e r  LATL0N.4 before the data is  ready f o r  the t re n d -  
f i t t i n g  program.
Section I I
The next  step in  the sequence i s  to  take the x, y map o f  g r a v i t y  
in fo rm at ion  and f i t  the des ired  type o f  sur face to  i t .  This is  done 
by the program JCMAP2.F0R which i s  l i s t e d  a t  the end o f  t h i s  appendix. 
I t  uses the x ,  y converted g r a v i t y  data contained in the f i l e  GRAVIN. 
DAT. This f i l e  i s  c rea ted  by ACCES2.F0R or  by the user f o r  data not 
d i r e c t l y  from the Department o f  Defense f i l e .  JCMAP2.F0R a lso modif ies  
the se lected t r e n d - f i t  su r face  to  c rea te  a t o t a l  rep resen ta t ion  o f  the 
data.
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Type the f o l l o w in g :  EX JCMAP2.FOR(8E0L. LIBQ)
The program w i l l  type :  INPUT # OF DATA POINTS, # OF ROWS, # OF
COLUMNS (COLUMNS SHOULD BE MULT. OF 4)
The number o f  data p o in ts  was typed ou t  by ACCES2.F0R. The surfaces 
c a lc u la te d  by JCMAP2.F0R are s p e c i f ie d  on a g r id  o f  evenly-spaced 
X ,  y  values.  The number o f  columns is  the number o f  evenly-spaced
d iv i s io n s  o f  the x dimension o f  the map. The number o f  rows is  t h a t
o f  the y  dimension. Choose a g r id  which has d i v is io n s  as small as the 
minimum data sepa ra t ion  unless a type o f  frequency f i l t e r i n g  is  desired.  
The number o f  columns should be a m u l t i p le  o f  f o u r ,  and the re  i s  pre­
s e n t ly  a maximum o f  one hundred on the number o f  d iv is io n s  in  e i t h e r  
dimension. I f  the map is  o f  a re c ta ng u la r  area, approx imate ly  match 
the number o f  d i v i s io n s  to  keep the spacing along x and y s im i la r .  
D i re c t io n a l  f i l t e r i n g  w i l l  r e s u l t  i f  t h i s  is  not done. Type the number 
o f  g r a v i t y  va lues ,  the number o f  rows, and the number o f  columns.
For example, type :  96 60. 40
The program w i l l  t ype :  INPUT PERCENT, # OF ITERATIONS, INDPR,
IBASE
These fo u r  parameters c o n t ro l  the leng th  and number o f  the i t e r a t i o n s ,  
the amount o f  s t a t i s t i c a l  in fo rm a t io n  typed o u t ,  and the type o f  sur­
face to  be c a lc u la te d .  PERCENT is  the percentage o f  the standard 
dev ia t ion  a t  which the i t e r a t i o n  is  to  stop. § OF ITERATIONS i s  the 
number o f  t imes the program cyc les  through the sur face c a l c u la t io n s ,  
each time improving on the l a s t .  Depending on the value o f  INDPR,
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e r ro r s  may be typed ou t  a f t e r  each i t e r a t i o n :  0 i s  yes, any o th e r
number i s  no, IBASE s e le c ts  the type o f  t r e n d - f i t  des ired :  1 f o r
l i n e a r ,  2 f o r  q u a d ra t ic ,  3 f o r  cub ic ,  and 0 gives the best f i t  o f  the 
th re e .
For example, type :  20 8 1 3
The program w i l l  then begin a leng thy  ta b le  o f  the c o e f f i c i e n t s  o f  
each type o f  sur face  fo l low ed  by the res id u a ls  between the sur face and 
each data p o in t .
The program w i l l  type :  INPUT MIN, AND MAX X VALUES, MIN, AND
MAX Y VALUES (SHOULD BE - AND + ABS 
OF LOWER LEFT ORIGIN)
These are the x ,  y values f o r  the corners o f  the map in inches using 
the cen te r  f o r  ( 0 ,0 ) .  ACCES2.F0R typed out the x,  y value f o r  the 
lower l e f t  hand corner .  Type the negat ive  x value given by ACCES2.F0R, 
then the abso lu te  value f o r  the number, then the negat ive y value given 
by ACCES2.F0R, and then the abso lu te  value o f  t h i s  number.
For example, type :  -6 .198  6.198 -8 .746 8.746
The program then types the re s id u a ls  f o r  each i t e r a t i o n  (w i th  e r ro rs  
i f  INDPR = 0 ) ,  and then a t a b le  o f  the data w i th  the c a lcu la te d  su r­
face values and s t a t i s t i c a l  in fo rm a t io n .  This in fo rm a t io n  concerns the 
t o t a l - f i t  sur face  t h a t  i s  b u i l t - u p  from the se lec ted  t r e n d - f i t .  The 
output f i l e  GRDOUT.DAT con ta ins  the g r id  values f o r  the t r e n d - f i t  
sur face,  and the d e ta i l e d  t o t a l - f i t  su r face .
88
S ection  I I I
The maps now are ready to  p l o t  in the form o f  contoured sur faces .  
Three maps o f  the g r a v i t y  in fo rm a t io n  are produced by the program 
C0NTR2.F0R. These are the t r e n d - f i t  map, the d e ta i le d  t o t a l  su r face ,  
and the re s id u a l  map o f  the d i f f e re n c e  between the two. C0NTR2.FOR 
c a lc u la te s  the re s id u a l  map from the gr idded values o f  the f i r s t  two. 
C0NTR2.F0R produces con tour  i n te r v a l s  o f  10 m i l l i g a l s .  I f  two m i l l i g a l  
contours are d e s i re d ,  use C0NTR3.FOR w i th  the same fo l lo w in g  i n s t r u c ­
t i o n s .  C0NTR2.F0R must be executed w i th  the graphics program GRAFYY.
Type: EX C0NTR2.F0R, GRAFYY/SEA
The program w i l l  type :  INPUT NUMBER OF ROWS, NUMBER OF COLUMNS
Type o f  the number o f  rows, and then the number o f  columns used to
generate the g r i d  va lues.  Always use the same g r id  dimensions as 
JCMAP2.F0R c a lc u la te d .
For example, type :  60 40
The program w i l l  type :  INPUT X, Y VALUE FOR ORIGIN
Type the x, y  value f o r  the lower l e f t  hand corner o f  the map in
inches. This was given by ACCES2.F0R.
For example, type :  -6 .198  -8 .746
The program w i l l  now type several parameters o f  the p l o t  dimensions. 
These c o n s t i t u t e  the Spect a r ra y  (see Computer Graphics, Get t ing  
Started on the Calcomp P l o t t e r  a t  the U n iv e rs i t y  o f  Montana by Anthony 
Qamar and J e r ry  Sayers, 1977). Of most importance i s  the fo u r th  num­
ber typed. I t  i s  the le n g th  o f  the y  ax is  o f  the p l o t  in  inches. I t  
must not exceed 27 inches o r  the p l o t  w i l l  run o f f  the paper ( a c tu a l l y  
destroy ing the e n t i r e  p l o t ) .
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The ou tpu t  o f  C0NTR2.F0R goes d i r e c t l y  to  the p l o t t i n g  queue.
I t  produces th ree  maps in  one f i l e  in  the p l o t t i n g  queue. I f  an e r r o r  
has been made and the ou tpu t  i s  not des i red ,  proceed as fo l lo w s :
Type: I 0/U
The te rm in a l  w i l l  type the name o f  any ou tpu t  you have in  the p l o t t i n g  
o r  p r i n t i n g  queues.
Type: CAN PLOT C0NTR2
This w i l l  des t roy  the undesired p l o t  f i l e .  I f  more than one CÜNTR2 
p lo t s  are l i s t e d ,  inc lude  the sequence number.
For example, type :  CAN PLOT C0NTR2/SE0:5132
I f  your  map is  la r g e r  than about 15 inches in  the x dimension, 
you w i l l  exceed a l i m i t  on the s ize  o f  p lo ts  se t  to avoid la rge  e r ro rs  
I f  you need to  run a la r g e r  p l o t  (and are sure th e re  is  no e r r o r ) ,  a 
t h i r d  program must be executed a t  the beginning o f  the run.
Type: EX C0NTR2.F0R, GRAFYY/SEA, NEW:PLTSUB
Type t h i s  ins tead  o f  the f i r s t  command in  t h i s  sec t ion .
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7 ( 12000 ) , P ( :l, 00 , .1.00 > , D.UMMY (200)
REAL E,R,PER
Cn/irlON N , XMAXI , XMINI, YMAXI , YMINI, VL , ERRPEP, X , Y , 7ERR ,
NC ,NR'y XNC , XNR
EQUI VALENCE <WW, DUMMY) , (U1(1) , DUMMY(1 )) ,  (W2(1 ) ,DUMMY(34)),
(W3C 1) "DUMMYC 67))
O r- E N ( UN I T 2 C V A C C E S E GIN', M Q D E =■- 'ASCII ' ,FT I. E --- GRAVIN.DAT' )
OPEN (UNIT:^21 * ACCESS '̂SEQOUT' ,DEVICE- 'DSK' , FILE-' GRDOUT . DAT ' ) 
TYPE 8000
F C) r< M A T ( ;l X , ' IN F' U T # 0 F DATA POIN T S , f  0 F' R ( j W S , » OF',
' C U I... U M N c; ( c U I- I..I M N S SI IÜ U L D BE M U I.. T . D F 4 ) ' )
A C C EI • T 8 0 0 1. , N , N R , N C 
FORMAT(31)





DATA PARAMETi'RS CHECKED WITH JCKUll 
NERR--=0
CALL JCKUll( i r l 2000,N, MKR)
KAW==1
IF (NKR.LE.O) GO TO 710 
TYPE 705,KAW
FORMAT < IX, 'pROOFÏAM ERROR' , 13)
NERR-1 





'35 ) ,KAW 
0) GO TO 100
'INVALID DATA')
READ CN X,Y*7- COORDINATES AND CALCULATE GLOBAL FITS
READ(20,105), 
FORMAT (3F)
DO 1 0 6  T - l , l O










1 1 7 3
,.J-= 1 f 
WW(
11 
C r , J)“ 0.0
XMrtX==X( 1 ) 
XHIN=X(1) 




T5 =0 * 0 
T6 - 0 . 0 
T = 0 . 0 
DO 110 [ :i l ,N
.[ I-' < I . r 0.1 )
NKAD (20 y 100 
.tr (XhAX.LT.
:i;| - (XMIN.OTtXf T) ) 
IF ( YMAX.l. T*Y(I ) ) 
IF (YMIN.OT*Y<I)) 
IF (7HAX. L T ( I )) 
IF (ZhIN.0T.7<I)) 
L'( 11 ( I)
C ( 10 ) := 1 . 0 
C ( 9 ) - Y ( I )
C ( 0 ) = X ( I )  
C ( 7 ) = Y ( I ) * Y ( I )  
C ( 6 ) - X ( I ) * Y ( I )  
C ( 0 ) = X ( I ) * X ( I )
C < /* ) = C ( 7 ) * Y ( I )
C ( 3 ) - C ( 7 ) * X ( I )  
C ( 2 ) - C ( 5 ) * Y ( [ )  •
C (  ;i ) * ) ( <  I  )
r O : = T 5 F Z (  I  )
DO 1 1 7 1  K^lrlO
GO TO 170 
> y X( I ) r Y( I ) f  7 <I ) 




Z h A X
= X( I ) 
= Y(I) 








l. ::K F 1 1 
UW(K y(... ) ■■WW(KrL)lC(L);KC<K)
L=1fKK
UIW(KfL) -WW(LfK)
T=::T IZ( I > * Z (  I )
TYPF 1269
I"0Ia-i'tat< 1 Xy' iNI'uI F'e:FÏc:e::nrf Jt- of ire ra r io n s f 
ACr:E:E T 1267f PFR fNIT f lNDI'^Rf ibase:
FORiNAT (F4 . Of I2 f 21 I )
YL=20.
f r r p i : r ==9o .
INDXY^l 





no 1173 L----Bf 11 
111.I) :WW(K 
J = J 11
L)
G=W(12)*W(12)
CALL JC 1.01 < Wf3fE3) 
CL ( I > =0 ( 1 )
CL(2 )^%(2)
Cl_ < j ) -C < 3 )
UK=N





DO 205 1 = 1,N
























T=( <T2-T i>j< I 1/WK)/T)*100,0
FL^^T
TYPE 210,T
FORMAT(IX,'PLANE PERCENTAGE FIT IS ',F10,3,//>  
TYPE 200,S(3> ,S< 1. ) ,S<2)
FORMAI ( IX , ' 01. ORAL PLANE I- IT 




FORMAT ( ' 0 1  RESIDUALS')
TYPE 306,(ZERR <I ) , I  = 1,N)




IF(NKR.GT.O) GO TO 700 





no 247 K=5,10 





ZO-ACPOLY(2 ,X( I ) , Y( I ) , S)












CO<I )=S( I )
T= ( ( 12- T ;l. *T1 /WK )/T3)*100.0 
ZSn=S0R-1 (l-JK̂ T6-T5*T5)/WK 
ZMEAN=I5/WK 
FO = T
TYPE 2501,T , (S ( I>,1=1,6)
FORMAT( IX,'OMADRATIC PERCENTAGE FIT IS ',F 1 0 ,3 ,/ /  
, IX,'GLOBAL OUADRATIC FIT COEFFICIENTS',6F10,4) 
TYPE 80
TYPE 306,< ZERR <I ) , I = 1,N)
T1=0,0 



































BO 1500 T 1 , N
7CUB =ACP0I.Y(3,X< I ) , Y ( I ) , 8 )






T 2= r 21 2 ,0)K riYFf T4*E
LRR: Z!;B1(P|:R/1 00 .0
T :<(12-11^ i l /U K ) / i3 ) *100.0
l-C-T
T YPL 1505r T » < CC( I ) rI =1 F10)
F r) R M A T ( 1 X t XJ U 1.11C F L l̂ 'CENl AOE: FIT IS ' t F 8 . 3 f /  /  f 
1X F ' G L 0 B A L G U B1G I" IT G 0 EI-1 • ICIENTS' , / / ,  IXf 10F10.4,//) 
IF ( t NBF R.NF.O) GO I 0 1510 
TYPI-; 80
TYPE: 306 F ( ZLRR ( I ) f I = 1. f N )
T Y F E: 1 506 F Z M F AN ,7 S B 
F 01:< h A T ( 1 X F Xi F A N V A i... U E OF Z 
'STANBARB BFVIATION OF Z I!
111=1 
I==IBASEH
IS ' fF10.3f5Xf 
' f F 8 . 3 f / / )
CHOOSE GLOBAL FIT SURFACE
GO 
IF 
IF ( FO 
NFIT=3 
BO 417
TO (1511 F 410 F 424 F 423)F I 
(FL.GT.FO) GO TO 422 
OT.FC) GO TO 424
FI T SURFACE IS OF ORBEIR ' f 14 f/ / )
J-1 F 10
J)=CC( J)





IF (FL.LE.FC) GO TO 423 
NFIT==1
BO 414 J = 1 F 3
S (J > =CL(J )
TYPE 301 F (MF IT 
p- 0 R- M A r ( 1 X F ' C H 0 S E: N G1. OBAL 
TYPE 1507 
FORMAT('1')





GO TO 420 
TYPE 221
FORMATC1X F' INPUT M T N f  AND MAX X VALUES F MINf AND MAX'f 
' Y VALUES (SHOULD BE: -ANDi ABS. OF LOWER LEFT ORIGIN)









n r i .~n r - . i
: CHOOSE RESTRI CTED X r Y , Z  SET I F  REOIJIRED
IF (INDXY.EQ.O) GO TO 1430 
1 =  1
1300 IF (X(I),LT.XMINI) GO TO 1425
IF < X <1 ) .G T .XMAXI) GO TO 1425
IF (Y ( I ) .I.T.YMINI > GO TO 1425
IF <Y(T),GT.YMAXI) GO TO 1425
I:=IT1
I F  ( N - I ) 1 4 3 0 f 1 3 0 0 f 1 3 0 0  
1 4 2 5  N = N - 1
I F  ( N . L T . I )  GO TO 1 4 3 0  
X ( I ) - X  < N 1 1)
Y( I ): = Y ( N H  )
Z ( I  ) =:=Z(NH )
GO TO 1300
: CALCULATE GLOPAL FIT GRID VALUES
1430 DO 300 1=1rNC
Y O= Y M I N I  






WRI TE ( 2 1 , 3 3 3 ) ( P ( I , J ) , J = 1 , N C )







: MODI FY GR I D  VALUES BY QUADRATIC BUMPS
;   ---------------------------------------
DO 310 1=1rN
XNWT=4.0
I... = ( X ( I ) -XM IN I) /DX-0 , 5 
M=<Y(I)-YM]NT)/DY-0.5 
IF (L.GE.l) GO TO 320 
L= 1
GO TO 325
320 IF ( (LI 4) .LE. N O  GO TO 325
L=NC-4
325 IF (M.GE.l) GO TO 340
M=1
GO TO 345
340 IF((MT4) .LE.NR) GO TO 345
M-NR-4





XQ = XQi<DXlXMINI 
DO 3 AO J = L , L L f 2  
YQ=M-1
Y0 = Y C # D Y 1 Y M I N I  
DO 3 6 5  K = Mf MM, 2
C ( 1 ) = X O * X O  













C( 1 > = X( I >Ji<X( I )
C(2)-X(I)*Y(I)
C(3) = Y< 1 >»cY( I) 
r:(4)=X( I )
C ( 3 > ■= Y < I )
C(6>-1 .0  
C T7 ) ; %Z ( I )
J J = 1
DO 3(30 Kl\ = l ,6
DO 380 KL=1,7
W(JJ)=W(JJ)+C(KL)*C(KK)*XNWT 
3(30 J J  = J J + 1
CALL JClOl(W,6,S)
X(.̂ 8.,-l
XCL: XOîJïDX f XMTNT 
DO 385 J: L , LL 
YCJ-M-l
YO :YCLÜDY + YMINI 
DO 3VO K=MrMM
P (K ,J )-ACPOLY (2 r XQ ̂ YQ r S )
3 VO YO=--YOfDY
385 XQ^XOtDX
ZERP' ( I ) ( I ) ACPfJLY ( 2 r X ( ;t ) f Y ( I ) f G )
W(;L̂ ZF.RR< I )
GUM=-SI.JMfUIG 
SUM50::=8UMG0 t W(i;((WG
IF <AD8(W0).LL.ADS(ZERMAX)) GO TO 316 
ZERMAX=WG
C --------------------------------------------------------------------------------------------------------------------------
C TEST FOR THE END OF THE ITERATION
C -----------------------------------------------------------
316 IF (ITER*I.E,0) GO TO 310
IF ( ADG< WG-E:RR> .GE.O) GO TO 310 




8 D == ;:î 0 R T ( W \< -.y S Ü M s n - S U M S U M ) /  w k 
1 f  < I: NDr■ R . NE , 0 ) GO TO 402 
TYPE 80
TYPE 306, (ZERRd ) , 1 = 1 ,N)
SE=0.0
IF (SI-:NSF;4> 1416,402 




C ---------------- -------- ----------------------------------------------------- ---------------------------------
C SMOOTH
C ------------------------------------------------------------
T = 1 , 0 / 9 . 0
DO 405 1 = 2 y NR1
DO 410 J=2,NC1













415 W3 < K ) < L r K )
405 CONTINUE 
1416 ITEP. ITERU
T Y P E  4 0 3 f C M f S E
403 FORMAT</cIX»'STANliARB DEVIATION OF ERROR IS ' ,F10»4, / / ,




426 IF(SM.LE.ERR) GO TO 425 
IF(IrER.LT.NIT) GO TO 307
425 IDC=1
TYPE 4 27 rITER » ZERMAX
427 FORMAT( J.X» 'NUnDER OF ITERATIONS IS'I5»5X»' Z ERROR' OF MAXIMUM 
1 »'MODULUS IS ' ,F8.3»//) •
DO 430 1 =1 » NR
URITE < 21 » 429)(P(I »J )»J = 1»NC>






DO 500 I 1 » N
UG =̂7( I ) -ZERR( I )
T1=T1TWG 
T3=T3fZ(I)
0::GTZ( I ))KZ( I )
500 T2;= T2 * WG*WG
T3=0-T3*T3/WN 
T1 := ( T2-T1 )KT1 /WK )/T3*100,0 
TYPE 505,T1
505 FORMAT( IX»' OVERALL PERCENTAGE FIT IS'»F8.3)
C TYPE TABLE
TYPE 510
510 FORMAT ( ' ;l ' » 2X » ' I ' » 1 OX » ' X ' » 1 4X » ' Y ' r 11 X » ' Z ' » 9X » ' ZCALC ' » lOX »
1 ' ZERR' » 7X »' PERCENT' » 7X »' SUPER' »/ )
DO 515 1=1»N
ZCALC::=Z( I ) iZERR( I )
Ir(Z (I) .EO .O .) GO TO 525 
ZPER-ZCAI.C//: ( I ) *100 . 0 
GO TO 530 
525 Z PER' 9̂ 9 9,0
530 SDPER ABS ( ZERR( I )/ZSDiiOO.O)
IF (SUPER >g;:.frrper) oo to 540
535 TYPE 545 » I » X( I ) » Y( I ) » Z( I ) » ZCALC » ZERR <I ) r ZPER r SDPER
545 FORMAK T6»7F13.4)
GO TO 514
540 TYPE 550 » I » X( I ) » Y( I ) r Z( I ) f ZCALC r ZERR(I)» ZPER r SDPER
550 FORMAT(1X »I6»7F13.4,4X,' * '  )
514 IT (ZERR t I ) . G1 .0.) GO T O 512
513 ZERR< I );= -SDPER





^ CAl.l. LINK ( JCMAF2 )
CALI. LXIT 
CNB
Kl:'Al. FUNCTION ACPOL Y < K f X r Y r S ) 






DO 5 J = 1,JI
Kl = Jl-J-fl 
5 R ( J ) ■= G ( KI)
ACFT)LY=0.
(30 TO < 3 , 2,1 ) K
1 ACPOLY = R(10)*X"3fR(9)*Y*X*XTR(8)*X*Y*Y+R(7)*Y"3
2 ACPOLY = ACP0LY1R(6)YX*XIR(5)*X*YTR(4)*YYY





C »>> this SUBROUTINE IS FROM PAGE 12 OF 'FORTRAN I I
C PROGRAM FOR LINEAR FIT OF SURFACES ON A QUADRATIC
C BASE USING AN IBM 1620 COMPUTER' FROM COMPUTER
C CONTRIBUTION IS np THE STATE GEOLOGICAL SURVEY,
C THE UNIVERSITY OF KANSAS, LAWRENCE, 1967,
C
C >>» RANGE DETERMINES WHETHER OR NOT N FALLS IN THE






SUBROUTINE JC101(E, N, S)
REAL E(1),S(1),EE
C
C SUBROUTINE JClOl TO SOLVE LINEAR EQUATIONS
C E K A LINEAR ARRAY WITH COEFFICIENTS AND RIGHT
C HAND SIDES BY ROWS, N IS THE ORDER AND S IS












DO 10 I - IQ f11f13




IF(T.NE,0,) GO TO 20 
25 TYPE 30





IT-I  o n  4-1 
IF-( J.LE.O) GO TO 35 
DO 45 i^^xum 
J.MI tJ 
I )
5(1) =L-: ( J J )
45 5( JJ)==EE
35 15̂ =14-2
DO 50 1=1f 15
l\;: lOlIH 
r i ^ E ( K ) / T  
DO 50 j := io m
JJ=J+IH
50 E ( J J )  E ( J J ) - E ( J ) * T 1
5 T 2 = T 2 * E ( 10)
K = N * I 3 - 1
I F ( E ( K )  .F O. O.  ) (30 -TO 25  
S ( N > = E ( K H  ) / E ( K )
J=1 
1 = 16
DO 60 11=1,16 
K=K-I3 








r,( T )=S( T )/E< IH)
J=J+1 
60 1=1-1 
RETURN 
END
